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Most studies of tissue respiration have been carried out in air, that is 
at a partial pressure of oxygen of 155 mm. of Hg, allowing for water vapor 
pressure at 38°, or in 95 or 100 per cent oxygen. The partial pressure of 
oxygen to which tissues in vivo are subjected is considerably lower than 
these values. The arterial and venous oxygen tensions are only about 80 
and 40 mm. of Hg and the actual value in the neighborhood of respiring 
tissue cells is presumably much lower. Davies' found that the oxygen 
tension at the surface of cat brain cortex varies from the full arterial tension 
down to at least as low as 5 mm. of Hg. It is therefore necessary to know 
whether the respiration rates as ordinarily measured are likely to be the 
same as in the presence of physiologically occurring oxygen tensions. 

In the use of tissue slices in oxygen it is recognized that the oxygen 
tension at various depths within the slice will vary, but it is assumed that 
even at a very low oxygen tension the rate of respiration is the same as at 
higher tensions. The original calculation of Warburg (1) regarding the 
permissible thickness of a tissue slice is based on this assumption, although 
at the time the calculation was made the only evidence supporting the 
assumption was provided by work on microorganisms. Nearly all workers 
have accepted the limitations to the thickness of slices as calculated by 
Warburg’s equation rather uncritically. Fuhrman and Field (2), however, 
have shown with liver slices that there is a distinct optimum thickness, 
0.48 to 0.62 mm., at which maximum rate of respiration in an atmosphere 
of oxygen occurs. Slices thinner than the optimum respire more slowly, 
probably because the proportion of damaged cells is greater; slices thicker 
than the optimum respire more slowly presumably because an adequate 
oxygen tension is not maintained in the inner layers of the slice. The 
optimum thickness for liver slices as found by Fuhrman and Field agreed 
well with the calculated maximum thickness and provides indirect evidence 
that liver cells respire at their full rate at very low oxygen tensions. 

* Anabstract of this paper has appeared (Federation Proe., 4, 88 (1945)). 

t Present address, Montreal Neurological Institute, MeGill University, Montreal. 
Aided by a grant from the Committee on Therapeutic Research, Council on Pharmacy 


gnd Chemistry, American Medical Association. 
—. : mea 
Davies, P. W., personal communication. 
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The results of studies on the effect of oxygen tension on respiration rates 
of tissue slices (3, 4) probably reflect only a mixture of aerobic metabolism 
of superficial cells, anaerobic metabolism of inner layers, and possible inter. 
mediate conditions. Warren (4) has made the first direct and valid study 
of the effect of very low oxygen tension on an animal tissue. He used sus. 
pensions of bone marrow and followed the rate of change of oxygen tension 
in the medium by a polarimetric method, and was thus able to show that 
oxygen was utilized by the tissue at a constant rate until the oxygen tension 
was reduced to 4 mm. of Hg or less. Winzler (5) has shown by the polaro- 
graphic method that the oxygen tension at which the respiration rate of 
veast begins to fall off varies widely with the temperature, being 0.6, 2.5, 
and 6 mm. of Hg at 5°, 20°, and 34° respectively. 

With tissue suspensions the particles are small enough to allow the as- 
sumption that all parts of the tissue are subjected to the same oxygen ten- 
sion, provided the suspension is adequately mixed. As was pointed out by 
Dixon and Elliott (6), the rate of oxygen consumption in manometric 
experiments can be limited by the rate of diffusion of oxygen from the 
gas phase into the fluid rather than by the activity of the respiring system, 
if the rate of shaking is too low or if the rate of oxygen absorption by the 
system is too high. (The effect of increasing the rate of shaking is not alone 
a reliable indicator of adequate oxygen diffusion (Winzler (5).) With low 
oxygen tensions in the atmosphere only low rates of respiration can be 
measured without fear of limitation by diffusion. It was shown previously 
(7) that the rate of respiration (per unit weight) of brain suspensions pre- 
pared in isotonic medium is not affected by the concentration of the sus- 
pension and is of the same order as the rate of respiration of slices. By 
using dilute brain suspensions, with low absolute rates of oxygen uptake, it 
is therefore possible to obtain reasonably valid direct information con- 
cerning the effects of oxygen concentration on the rate of respiration of 
brain tissue. 

The results so far obtained show that the rate of respiration of brain 
tissue is unaffected by decreasing the oxygen tension in the gas phase to as 
low as about 4 mm. of Hg. The low oxygen tensions found by Davies on 
the brain surface in vive are thus sufficiently high to maintain the maximum 
rate of respiration, but if circulation were decreased, the rapid respiration 
would quickly reduce the oxygen tension below the critical level. The eal- 
culation concerning permissible thickness of slices in oxygen is evidently 
reasonably valid as far as maintenance of an adequate oxygen concentra 
tion in the inner layers of the slice is concerned. On the other hand, it was 
previously shown (7) that an atmosphere of 100 per cent oxygen has 4 


2'In the abstract (Federation Proc.) this figure was incorrectly given as 0.4 mm. of 
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slowly developing inhibitory effect on the respiration of brain suspensions or 
dices. The toxic effect of high oxygen tension should be borne in mind 
in work with slices and oxygen. 

In the course of this work a convenient method for determining low con- 
centrations of oxygen in gas mixtures was developed and is described below. 


Methods 


Gas mixtures of air and commercial nitrogen, or of mixtures of oxygen 
and nitrogen containing 5 per cent CO2, were prepared and stored over 
saturated calcium chloride solution in a system of large aspirator bottles. 
After thorough mixing the oxygen content was determined, usually by 
the method described below. 

Suspensions of whole rat brain were prepared by homogenization in 
warm Ringer-0.033 m phosphate-0.01 m glucose medium (calcium omitted). 
After homogenization the pH of the suspension was readjusted to about 
7.3 with drops of 0.1 N sodium hydroxide. Suitable quantities of suspen- 
sion and medium, total 3 cc., were pipetted into Barcroft manometer flasks 
equipped with bored stoppers in the side arms. The center tube contained 
splayed rolls of alkali-soaked paper held clear by small glass collars (7). 
The gas to be used was passed in series through the experimental vessels 
(usually four) at room temperature at about 400 cc. per minute for 5 min- 
utes. (Connections were made so that the pressure in the left and right 
(experimental) vessels was equalized so that the manometer fluid was not 
blown over.) After the gas was passed in, all taps were closed and the flasks 
were placed in the bath at 38°, at half minute intervals for convenience in 
reading, and shaking started. The manometer taps were opened briefly 
immediately and then occasionally during the 8 minute equilibration 
period to release the pressure developed by warming. Thereafter readings 
were taken at suitable intervals. , 

Method for Determining Low Oxygen Concentrations—For determining 
low concentrations of oxygen the following method was found to give 
accurate results. Both main vessels of a Barcroft differential manometer 
received 2.5 ce. of N NaOH. The side bulb of the left vessel received 0.8 
ce. of M NaCl in 0.002 x H.SO,; the side bulb of the right vessel received 
0.8 ee. of a solution containing 0.1 mM pyrogallol in m NaCl-0.002 xn H.SO,. 
The gas to be analyzed @vas passed through the flasks in series (right first), 
at a rate of about 400 cc. per minute for 5 minutes, at room temperature. 
The taps were then closed, the vessels were placed in the bath at 38°, shak- 
ing started, and the taps quickly opened and closed immediately and 
several times later, as long as appreciable pressure due to warming re- 
mained. (The pressure could be detected by opening one tap at a time.) 
When the manometer reading became constant, a zero reading was taken 
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and the contents of the bulbs were tipped into the vessels. The alkaline 

pyrogallol then absorbed the oxygen in the right vessel, and when the 

reading became constant, after about 30 minutes, it was noted. The per- 

centage of oxygen in a mixture of oxygen and nitrogen was then given by 

the following equation: , 
LOOhK 100hk yy th 


% oxygen = ( 273 = = 0.82V, = 122 Vy, 
—. « — 
311 760 
where / is the change in reading, / is the oxygen constant for the right 
vessel, V, is the volume of gas space in the right vessel, and corrections 
are applied for temperature and the vapor pressure of water at 38°. 
The method can be used satisfactorily also with gas mixtures containing 
5 per cent COs. Although the alkali absorbs COe, ample alkalinity remains, 
after the gas is passed in, to cause the pyrogallol to absorb oxygen, and the 
expansion due to warming at 38° is more than sufficient to give a positive 
pressure after complete absorption of the COs, so that no air is drawn in 
when taps are briefly opened if time is allowed for the vessels to warm up 
first. When 5 per cent COs is present, the above equation becomes 


100A - Ak 
% oxygen = = 116 


The use of m NaCl as solvent for the pyrogallol is necessitated by the 
fact that addition of water or a solution of appreciably different osmolarity 
from that of the NaOH solution in the main vessel causes a large change in 
vapor pressure which is difficult to balance out with the control vessel. 
Considerably more dilute alkali and pyrogallol are used than is commonly 
used for ‘oxygen absorption, since otherwise it is difficult to avoid changes in 
vapor pressure. There was no evidence that CO was evolved in appreciable 
amount during oxygen absorption. The vapor pressure effect of the 0.1 ™ 
pyrogallol is small enough to be negligible. On tipping the pyrogallol 
solution in from the bulb there is an immediate slight increase in pressure. 
This is evidently a heat effect, and tests with nitrogen purified by hot 
copper and by alkaline pyrogallol showed that this pressure disappears 
rapidly. s 

The highest concentration of oxygen which can be measured by this 
method depends upon the density of the manometer fluid used. With 
kerosene it is about 2 per cent. With Clerici’s solution, density 4, the 
limit is about 8 per cent. The figures in Table I give results of duplicate 
determinations and a comparison with the results of determinations by 
the method of Van Slyke (8). 
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The method could be modified for use with the Warburg apparatus. It 
would, of course, be useful only when a rather large volu ne of the gas to be 
analyzed is available, but it is easier than standard methods and more 
suitable for low oxygen concentrations. For the present work the method 
had the advantage that a manometer for gas analysis could be set up in 
series with experimental manometers and the oxygen content of the gas 
determined at the same time as the respiration. 


Results 
Results of a typical experiment showing the effects of lowered oxygen 
tension are illustrated in Fig. 1. In air the respiration rate per unit weight 
of tissue is unaffected by varying the concentration of tissue or by increas- 
ing the rate of shaking. In 4.3 per cent oxygen the rate is the same as in 
air and unaffected by varying low tissue concentration, but as the concen- 
tration of tissue is raised above 50 mg. per cc., diffusion effects enter so 


TaBLe I 


Percentage of Oxygen Found in Various Gas Mixtures 


Method CO:2-free gases 5 per cent CO, 


Van Slyke 0.81 2.44 0.49 1.93 4.58 
0.79 2.51 0.61 1.85 4.56 

Proposed Passed over hot copper 0.58 2.43 0.52 1.92 4.59 
0.00 0.00 ' 0.62 2.40 0.44 1.90 $1.52 


that the rate per unit weight is lowered and can be increased by increasing 
the rate of shaking. 

As lower oxygen tensions were tried, the critical tissue concentration 
was lowered, and with the low oxygen uptake rates occurring in highly 
diluted suspensions it was naturally difficult to rule out small extraneous 
effects. But when curves through numerous observed points were 
smoothed, duplicates agreed well and results were reproducible. However, 
as shown in Figs. 2 and 4, one effect of extreme dilution was not eliminated. 
On decreasing the amount of tissue below 8 mg. per cc., the apparent rate 
per unit weight was often initially a little low and increased after about 30 
minutes. This effect was probably an artifact connected with the slow 
rate at which equilibrium is reached between COs: evolution by the tissue 
and absorption by the alkali paper. 

Fig. 2 shows the results of an experiment in which vessels were filled with 
commercial nitrogen containing 0.6 per cent oxygen. This gave the lowest 
oxygen tension tested, 4 mm. of Hg. It will be seen that, at least after 
the first 30 minutes, the rates per unit weight were about the same at all 
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tissue concentrations in air and at the two lowest concentrations in “nitro. 
gen.”’ At higher tissue concentrations in “nitrogen” the rate was limited 
by diffusion. 

There was no obvious change in the respiratory quotient under condj- 
tions in which the respiration rate was definitely limited by lack of oxygen, 
R.Q. values of 1.0, 0.93, 0.85, and 0.91, determined in bicarbonate-buffered 
medium with the Dixon-Keilin apparatus, were obtained with 50 mg. of 
tissue per ec. in 0.6, 0.6, 0.9, and 1.9 per cent oxygen. These figures are 
approximate since the total respiration was low, but they show no con- 
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Fic. L. Effects of tissue concentration and rate of shaking on respiration in dif- 
ferent concentrations of oxygen. Normal shaking rate, 120 oscillations per minute; 


rapid shaking, 150 oscillations per minute. 
Fig. 2. Effects of tissue concentration on respiration. Unpurified nitrogen means 


gas direct from the nitrogen cylinder containing 0.6 per cent of oxygen. 


sistent difference from values obtained with suspensions or slices in the 
presence of ample oxygen (9, 10). Laser (11) found the R.q. of retina and 
chorion to be lowered by low oxygen tension while the oxygen uptake rate 
was still unchanged. With bone marrow, Warren (4) found no change in 
K.Q. even When the oxygen uptake rate was decreased by 50 per cent. 
When the tissue was respiring at its full rate the pH of the medium showed 
little change, but whenever the rate was limited by lack of oxygen in the 
medium the pH fell appreciably. The pH after 120 minutes in the experi- 
ments of Fig. 2, for instance, was 7.1 to 7.3 in all manometers in which the 
full rate occurred, but with 50 and 100 mg. of tissue in 0.6 per cent oxyget 
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it was 7.05 and 6.8. Evidently glycolysis sets in as soon as the oxygen 
concentration in the medium is insufficient to support full respiration. 
Fig. 3 shows the results of an experiment in which the suspending medium 
was Ringer-bicarbonate, the gases contained 5 per cent COs, and alkali 
papers were absent during the experimental period. Dixon-Keilin ap- 
paratus was used so that the total oxygen uptake could be measured simul- 
taneously. In this experiment movement of the manometer fluid during 
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Fie. 3. Glycolysis in bicarbonate-buffered medium in the presence and absence of 
small amounts of oxygen. 150 mg. of tissue in 3 cc. The unpurified N./CO, con 
tained 0.5 per cent of oxygen. Purified N;/CO, is gas completely freed of oxygen by 
passage over hot copper oxide. The trace of air was introduced by withdrawing gas 
from the vessels by means of a syringe and rubber valve connected to the manometer, 
until the manometer reading indicated that 870 c.mm. had been removed, and then 
allowing air to replace the gas removed. This gave approximately 0.5 per cent 
oxygen in the vessel. 

Fig. 4. Effects of glucose concentration and tissue concentration on respiration in 
air, with examples of duplicate determinations. Curve A, 33 mg. of tissue per cc., 
0.005 u glucose; Curve B,8.3 mg. per cc., 0.005 mw glucose; Curve C, 8.3 mg. per ec., 
0.0005 glucose; Curves D and E, duplicates, 4.1 mg. per cc., 0.005 m glucose; Curve 
FP. 83 mg. per cc., 0.0002 mu glucose; Curve G, 8.3 mg. per cc., no added glucose. 


the experimental period registered CO, evolution by glycolysis, since oxygen 
uptake and respiratory CO, evolution approximately balanced each other. 
The amount of tissue present was too high to allow full respiration at 0.5 
per cent oxygen (unpurified nitrogen-CO,) and was at about the critical 
concentration for the 1.9 per cent oxygen. It will be seen that the glycoly- 
sis rate in the presence of a little oxygen is higher and better maintained 
than in complete anaerobiosis (Elliott and Henry, Paper IV (12)). 
In 1.9 per cent oxygen there was practically no glycolysis at first, but, as 
the oxygen tension was reduced by respiration, the rate steadily increased 
until at 90 minutes it was nearly as high as in the presence of 0.5 per cent 
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oxygen. The oxygen uptakes over the 90 minutes were 85 and 170 emm. 
in the 0.5 and 1.9 per cent (initial) oxygen respectively. This absorption 
of oxygen would have reduced the initial 1.9 per cent oxygen to about 12 
per cent. While this method shows changes in glycolysis rate, it does not 
show changes in respiration rate with time. But the results seem to indi- 
cate that glycolysis by brain tissue sets in as the respiration is decreased by 
lowering oxygen tension. ‘This is in agreement with results of Craig and 
Beecher (3) on brain cortex. But since these authors worked with sliced 
tissue, no conclusion can be drawn from their results as to the actual oxygen 
tension at the cells at which these effects occur. Warren (4) found similar 
effects with slices and suspensions of bone marrow. With various types of 
red and white blood cells, Kempner (13) found that glycolysis did not in- 
crease until a marked decrease in respiration had occurred. With various 
other tissues, glycolysis has been found to increase before respiration is 
decreased by lowering the oxygen tension (Bumm ef al. (14); Laser (11); 
Stern and Melnick (15); Craig and Beecher (16)). 

In a previous paper (10) it was shown that the maximum respiration 
rate could be maintained with a glucose concentration of about 6 & 107‘. 
By taking advantage of the fact that respiration is not affected even by 
extreme dilution, it was possible to show that an even lower glucose con- 
centration, 2 X 10~-‘ mM, could maintain the full rate (see Fig. 4). As the 
glucose concentration was further lowered as a result of consumption by 
the tissue, the respiration rate fell off. Calculation, from the oxygen up- 
take, of the amount of glucose consumed during the equilibration and 
experimental periods shows that the glucose concentration at the time 
when the rate just began to fall below that of the controls (30 minutes), 
was about | X 10-'m. This is presumably the critical glucose concentra- 
tion. The limiting oxygen concentration, calculated from the solubility 
of oxygen at 4 mm. of Hg pressure, is about 5 & 10~* Mm or less. 


SUMMARY 

The rate of respiration of brain tissue is unaffected by reduction of the 
oxygen tension as low as 4 mm. of Hg, provided that the rate of diffusion 
of oxygen from the gas phase into the suspension medium does not limit 
the rate of oxygen uptake. 

The full rate of respiration can be obtained with a glucose concentration 
as low as 10~' M. 

A method for determining low concentrations of oxygen in gas mixtures 
is described. 
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In previous papers of this series (1-3), studies on the aerobic metabolism 
of homogenized suspensions of whole brain were reported. It was shown 
that brain suspensions, prepared under proper conditions, respire at rates 
comparable with those of slices of gray matter and present a number of 
advantages in the study of brain tissue metabolism. Work with suspen- 
sions has facilitated the study of various factors which affect glycolysis, 
and these are here described. 

Methods 

Suspensions were prepared from whole rat brains by homogenization in 
warm medium, with the apparatus of Potter and Elvehjem (4). The 
Ringer-bicarbonate-glucose medium (RBG) used contained 0.12 m NaCl, 
0.006 mw KCI, 0.0012 m MgSO,, 0.001 m phosphate, 0.024 m NaHCO,, 
0.007 m glucose, and, in some cases, 0.0025 m CaCl. The effects of the 
latter ion were variable but always small. 

Glyeolysis was followed manometrically in the Barcroft apparatus. 
The vessels contained a total of 3 ec. of fluid and were filled with 5 per cent 
CO, in nitrogen by the method previously described (3). Unless otherwise 
stated, the gas mixture was freed of oxygen by passage through an elec- 
trically heated tube filled with reduced copper fragments. In many 
experiments identically filled flasks were removed at zero time and at the 
end of the experimental period, samples were diluted and deproteinized with 
Zo80, and NaOH, and lactic acid was determined on the filtrates by the 
method of Barker and Summerson (5). For pyruvate determinations, 
| ce. of 20 per cent trichloroacetic acid was run into the flask and the filtrate 
was analyzed by the method! of Bueding and Wortis (6). 

*An abstract of this paper has appeared (Federation Proc., 4, 88 (1945)). 

tPresent address, Montreal Neurological Institute, McGill University, Montreal. 
Aided by a grant from the Committee on Therapeutic Research, Council on Pharmacy 
and Chemistry, American Medical Association. 

‘The color values for standard pyruvate solutions were very constant when 
Merck’s reagent grade of ethyl acetate was used. Low values were obtained with 
samples of Baker's c.p. ethyl acetate, especially if it had been kept for some time. 
When the Baker product was treated overnight with anhydrous calcium chloride and 
distilled, it gave the same values as did the Merck product. 


361 











a ee 


—— 


2 Ol i a. ee nt PL nt A) Tins te gett 


‘ 








362 METABOLISM OF BRAIN SUSPENSIGNS. IV 


Results 


Effect of Pyruvate Concentration—The effect of added pyruvate in stimy. 
lating glycolysis is well known (7, 8). Fig. 1 shows that the initial rate 
is increased to the same extent by concentrations of added pyruvate be. 
tween 0.05 and 2.0 mm per liter, but with the lower concentrations of 
pyruvate (or with higher concentrations of tissue) the rate quickly falls 
off, due to the destruction of pyruvate (see below). A higher concentration, 
5.0 mM, causes the rate to be lowered again appreciably. The results shown 
in Fig. 2 were obtained by adding very small amounts of pyruvate and com. 

















400° 40- 
CUe 1.0uM ce 
Nid 6 2.0 
5.0 ‘. 
300b Fic. | 0.5 : 30 
3 
S 0.2 = 
2 ot 06 oF 
2» 200+ 0.05 a= 
WONE 4 
$ 3 
> 
ws 
100F $ 10} 
iL L i i 4 re 
x» 60 90 120 O.i mM 02 


MINUTES PYRUVATE CONCENTRATION 


Fic. 1. Effect of pyruvate concentration on anaerobic glycolysis. 100 mg. of tissue. 
Bulbs, tipped in after 20 minutes equilibration, containing sufficient pyruvate to 
give the indicated millimolar concentrations of added pyruvate. 

Fic. 2. 100 mg. of tissue. Bulbs containing pyruvate to give added concentrations 
of 0, 0.05, 0.1, 0.3 mM, tipped in after 10 minutes equilibration. @ represents CO; 
evolution between 5 and 15 minutes after addition of pyruvate; pyruvate determined 
in a separate identical sample at 10 minutes. X, CO» evolution between 25 and 35 
minutes; pyruvate determined at 30 minutes. 


paring the rate over short periods with the pyruvate concentration ana- 
It will be seen that the maximum effect is obtained 


lytically determined. 
This concentration, 0.44 


in the presence of about 0.05 mm pyruvate. 
mg. per 100 ec., is of the same order or less than that normally present in 
blood. 

Effects of Oxygen—Rosenthal (9) showed that the rate of glycolysis of 
slices of various tissues is increased, following a period of aerobiosis in 
the same medium. This has been confirmed for brain suspensions, though 
the effect is rather short-lived, especially with thick suspensions. The 
maximum effect is reached after about 10 minutes previous aerobiosis at 
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ag°. If the respirometer vessels are filled with nitrogen-CO, gas mixture 
as it comes from the cylinder, containing about 0.5 per cent oxygen, the 
rate of glycolysis is considerably and continuously greater than in the pres- 
ence of purified gas mixture.” Determinations of pyruvate have shown 
that these effects can be accounted for by increased amounts of pyruvate 
in the suspension (Table 1). Further, it was found that the rapid glycolysis 
occurring in the presence of optimal amounts of added pyruvate is not 
further increased by previous aerobiosis or by the presence of traces of 
oxygen (Fig. 3). 

Rosenthal (9) found that glycolysis by liver slices could be stimulated 
by any suitable oxidizing agent, pyruvate, aldehyde, ferricyanide, or re- 
ducible dyes, and did not consider the effect of previous aerobiosis to be 
necessarily due to pyruvate formation. Nevertheless there seems to be 


TABLe I 
Effects of Traces of Oxygen and of Washing on Pyruvate Concentration and Glycolysis 
Tissue from 100 mg., fresh weight, of brain. Duplicate vessels were set up and 
pyruvate determined in one of each pair at 30 minutes 


Pyruvate concentration CO, evolution in 
after 30 min 60 min. 
u X 108 c.mm. 
Unwashed tissue No O, 8 111 
Traces of O, 22 164 
Washed tissue No O. 24 169 
Traces of O, 19 195 


no doubt that pyruvate is accountable for these effects in brain. It was 
previously shown (2) that traces of material estimated as pyruvate are 
always present in respiring brain suspensions. Presumably an equilibrium 
concentration of pyruvate is reached when formation from glucose or lactate 
is balanced by oxidative destruction. After a preliminary period of aero- 
biosis there is thus sufficient pyruvate present to stimulate glycolysis for 
a short time during subsequent anaerobiosis, but it is rapidly decomposed. 
In the presence of a trace of oxygen, some aerobic metabolism continues 
and maintains a sufficient concentration of pyruvate to stimulate glycolysis 
continuously, 

Effect of Washing and of Tissue Extract—If the brain suspension is 
centrifuged and the sediment is washed once or twice, by resuspending in 


* The effect is not due to inhibitory substances being produced in the process of 
freeing the gas from oxygen. Gilycolysis in vessels which were filled with purified 
gas and a measured small amount of air proceeded at the same rate as in unpurified 
gas. 








oe nor = 





et FW Di lita OO re tlie oe 








364 METABOLISM OF BRAIN SUSPENSIONS. IV 


cold RGB and recentrifuging, and then made up to the original volume in 
RBG, the rate of glycolysis is considerably greater than in the original 
suspension,* provided Mg ion is present (see below). If the supernatant 
fluid obtained on centrifuging a strong fresh suspension is added to a washed 
suspension, the rate of glycolysis is depressed (Fig. 4). The extract 
alone has slight glycolytic activity (Fig. 5). The inhibitory factors ap 

















Atpyr 
400, 
oe | Fie. 3 +PYR r Fie. 4 
we, i>PYR = 
F Tissue 
300+ @ 300r Unwasneo 
. *CUse| _— — Wasneo 15 
«MMe 4 
g é / 
75 
8 200; A 8 200+ / = 
FY s P 4 = 4 
a 7 
/ ll a: 
S / fg oe, A. 
100- Z 100+ . 7 A sot 
A COMPLETE anacrosiosis > Lee 
B Trace 02 * 
C Prev. acrosiosis $ 
, = = , 4 i ————eE 
) 60 9 120 winuTes 30 60 90 


Fic. 3. Effects of previous aerobiosis and traces of oxygen in the absence and pres- 
ence of added pyruvate. 75 mg. of tissue. Curve A, in purified N»-CO, gas; Curve B, 
in unpurified N.-CO, (containing about 0.5 per cent O.); Curve C, in purified gas fol 
lowing a period of 15 minutes shaking in O.-CO, at 38°. Pyruvate, where added, 
0.002 M. 

Fic. 4. Effects of washing, tissue concentration, and tissue extract. The brain 
was homogenized 100 mg. per ec. in Ringer-bicarbonate-glucose medium. Some of 
the suspension was centrifuged; the sediment was washed twice by making up with 
RBG to 5 times its original volume and recentrifuging, and then made up to its 
original volume. The flasks received 0.75 cc’. of original suspension, 0.75 cc. of washed 
suspension (each with 2.25 ec. of RBG), 0.75 cc. of washed suspension plus 2.25 ce 
of extract (the first supernatant fluid), 2.25 ec. of extract plus 0.75 cc. of RBG, 3 ee 
of original suspension, 3 cc. of washed suspension. COs evolutions are given per 10 
mg. of original tissue. The curve for tissue plus extract is corrected for the activity 


of extract alone 


mostly removed in the first extraction and the supernatant fluid after 
several washings has no effect. However, more of the inhibitor was found 
to be liberated from washed tissue during the course of experiments. 
The increased glycolysis in washed suspensions can be accounted for by 
’ The fact that these supensions can be centrifuged and resuspended without loss 
of glycolytic activity (see also Geiger (10)) is another indication that homogeniz 
tion in isotonic medium does not destroy all cell structure. Cytolyzed cell prepara- 
tions do not glycolyze rapidly without the addition of various factors concerned in the 


glycolytic mechanism (11, 12). 
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the presence of an increased concentration of pyruvate during glycolysis 
(Table 1). During the manipulations involved in setting up an experiment, 
the suspension is necessarily subjected to aerobic conditions for a time, and 
consequently a small amount of pyruvate is present when anaerobiosis 
TABLe II 
Destruction of Pyruvate by Extract 


Pyruvate, M X 10°, found after 30 minutes anaerobiosis at 38°. 


100 mg. tissue, washed No tissue 
dditi Extract added Pyruvate added Pyruvate and Pyruvate added Pyruvate and 
No addition : sbi extract . extract 
50) N 250 34 270 110 


The extract was 2 cc. of the supernatant fluid obtained on centrifuging 150 mg. 
per ec. of fresh brain suspension. 
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Fic. 5. Reversai of extract effect by pyruvate. Washed suspension from 100 mg. 
of fresh tissue. The extract used, 2 cc., was the supernatant fluid obtained on cen- 
trifuging a suspension of 150 mg. of fresh tissue per cc. Pyruvate, where added, 
0.0022m. The curves for tissue plus extract have been corrected by deduction of the 
activity of the extract alone (which was not affected by added pyruvate). 

Fic. 6. Effects of magnesium. The tissue was homogenized in Mg-free Ringer- 
biearbonate-glucose and a portion was washed and resuspended in the same medium. 
Vessels received suspension from 100 mg. of fresh tissue. Magnesium added, 0.002 
“ MgCl.; pyruvate, 0.001 m, added from side bulbs. 


isestablished. The tissue extract contains factors which destroy pyruvate 
80 that the initial concentration of pyruvate is more rapidly reduced in 
unwashed suspension, or in the presence of added extract, than in washed 
suspension alone (Table II). Traces of oxygen or the addition of pyruvate 
has little or no immediate effect with dilute washed suspensions (Figs. 
Sand 6). The inhibitory effect of added extract on washed brain is largely 
abolished by added pyruvate (Fig. 5). 
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kixtracts prepared from tissue homogenized with and without glucose 
have exactly the same effect. Most of their effect remains after heating 
to 100° for 15 minutes, centrifuging clear, and readjusting the pH by treat- 
ment with CO.. The small amount of lactate in the extracts, 0.002 to 
0.004 m, could not account for their effects. Chemical determination of 
lactate production proved that the effect was not due to CO, retention (see 
Table III, Experiment 1). 

The respiration rate of these suspensions, measured in the Dixon-Keilin 
apparatus, is lowered about 22 per cent by washing. The addition of ex- 
tract to washed suspensions increased the oxygen uptake by an amount 
about equal to the uptake of the extract alone. 

Magnesium Ion—Geiger (11) showed that magnesium ion is necessary 
for the activity of glycolyzing extracts. The presence or absence of this 
ion in the medium usually has very little effect on ordinary isotonic sus- 
pensions, but the stimulating effect of added pyruvate is greater in its 
presence. The increase in glycolysis rate following washing does not occur 
if magnesium is omitted from the washing and suspension medium, although 
added pyruvate still increases the rate (Fig. 6). Presumably the tissue 
itself contains sufficient magnesium to make nearly full use of the very small 
traces of pyruvate ordinarily present in unwashed suspensions and to make 
suboptimal use of added pyruvate. ‘Tissue washed with Mg-free medium 
contains more pyruvate, but insufficient magnesium to make maximum 
use of it. The maximum effect of magnesium is reached with about 0.002 
mu Mg and increasing the concentration to 0.005 m has little further effect. 

Lactate—In the absence of added pyruvate, the addition of 0.01 
d-lactate inhibits the glycolysis rate appreciably, though the extent of 
inhibition is variable. (This concentration of lactate is considerably higher 
than that developed by glycolysis in most of these experiments.) In the 
presence of 0.001 M pyruvate, the addition of lactate had no effect (Fig. 
8). 

Effect of Tissue Concentration —The respiration rate, per unit weight of 
tissue, of brain suspensions prepared in isotonic medium is almost inde- 
pendent of the tissue concentration, though, with suspensions eytolyzed by 
suspension in hypotonic medium, the rate decreases with increasing dilution 
(1). Asis shown in Fig. 7 and has previously been observed by Geiger (10), 
the rate of anaerobic glycolysis decreases markedly with increasing con- 
centration. In unpurified gas the effects of traces of oxygen and tissue 
concentration produce a complex curve. At extreme dilution, the traces 
of oxygen are sufficient to maintain aerobic metabolism. With somewhat 
stronger supensions, diffusion of oxygen is inadequate to maintain respira- 
tion, so that glycolysis sets in at a high rate, due to the stimulation by 
traces of oxygen mentioned above. At still higher tissue concentrations, 
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the rate falls again, due to the inhibitory effect of increased tissue concen- 
tration on glycolysis. 

The readily extractable factors which destroy pyruvate account for only 
a fraction of the inhibition by increased tissue concentration. With un- 
washed tissue, the same extremely low concentration of pyruvate, 5 to 
9 X 10°-* mM, was found during complete anaerobiosis with thin as with 
thicker suspensions. There was a somewhat lower percentage inhibition by 
increased tissue concentration with washed tissue (Fig. 4), or with ample 
added pyruvate, but the effect was still marked. The higher lactate con- 
centration produced in strong suspensions could not account for the in- 
hibition (Fig. 8). Nor could the effect be due to change in pH, since halvy- 
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Mc. TISSUE IN 3 CC. 

Fic. 7. Effeet of tissue concentration in purified and unpurified No-COs gas mix 
tures. 

Fic. &. Tissue concentration effect with optimal pyruvate and balanced lactate. 
The vessels contained 75 or 300 mg. of fresh tissue in 38 cc. Added pyruvate 0.002 
mM, added lactate 0.01 m. Lactate present at end (calculated from CQ, evolution 
during experimental and preliminary periods): strong suspension plus pyruvate, 
0.012 m; dilute suspension plus pyruvate and added lactate, 0.014 mM. 


ing the bicarbonate concentration in the medium scarcely affected the rate 
of glycolysis. Geiger (10) described an inhibitor of glycolysis in cytolyzed 
brain which was associated with cell débris, and Utter ef al. (12) have iden- 
tified this with a pyridine nucleotidase. Geiger reported that the inhibitor 
did not affect the glycolysis of uncytolyzed cells. Since washing does not 
lower the glycolysis of isotonic suspensions, pyridine nucleotides are pre- 
sumably retained inside cell structures. It is difficult to ascribe the con- 
centration effect in this case simply to coenzyme destruction. Possibly 
autolytic processes play a part. 

Serum— The addition of rat serum or inactivated horse serum, 2 ec. in 
the total 3 ee., inhibited lactic acid formation (chemically determined) 
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about 35 per cent, when compared with a control containing calcium ion 
and as much added lactate as was present in the serum (approximately 
0.009 mo per cc. of serum) (see Table III, Experiment 2). The serum was 
not found to destroy either initial traces or added pyruvate, and in itself 
contained sufficient material determined as pyruvate (about 0.1 mM) to 
cause stimulation. The nature of the inhibiting substance was not identi- 


TABLe III 
Effects of Phosphate Buffer and Other Factors on Total Acid and Lactic Acid Formation 


Quantities are expressed in micromoles per gm. of fresh tissue in 2 hours 


{xpe i H* ' 
a Medium Tissue, _e- P y Acidt rm 
No — formed formed 
Start End 

l Ringer-bicarbonate 75 (Washed . 143 125 

+ extract from 225 mg. tissue 75 ” S6 64 
Correction for extract alone 10 3 

2 Ringer-bicarbonate 100 123 107 
+ dlactate 0.008 u 100 107 gg 

+2cc. horse serum(inactivated)) 100 64 

+2°° rat serum 100 67 

3 Ringer-bicarbonate 75 125 116 

= 300 61 5} 

tinger-0.033 mM phosphate 75 7.37 | 7.08; 176 S4 
- sie “ 300 ce tae 72 36 

| Ringer-0.032 mM phosphate 100 (Washed) | 7.22 | 6.91 154 104 
+ d-lactate 0.01 M 100 7.31 | 6.92 | 189 79 

+ extract from 300 mg. tissue | 100 7.43 | 7.20 93 44 


* pH determined with glass electrode. The initial pH was determined rapidly on 
the contents of an identically set up manometer flask, immediately after equilibra 


tion. 
t The acid formed in bicarbonate medium is calculated from manometrically 


determined CO, evolution. With phosphate medium the value for acid formation 
is the calculated amount of acid required to produce the observed change of pH in 
phosphate buffer of the concentration used 


fied. Some inhibition occurred with the supernatant fluid from heated 
serum (pH readjusted with CO.). Serum has no effect on, or slightly 
stimulates, the respiration of these suspensions. Human spinal fluid also 
exerted about 20 per cent inhibition of glycolysis. 

Phosphate Buffer—The Ringer-phosphate-glucose medium (RPG) for 
these experiments usually contained 0.033 m sodium phosphate, pH 7.6, 
0,102 m NaCl, and other constituents, as in RBG, The pH of suspensions 
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+ in RPG was about 7.0 immediately after homogenization and was adjusted 


to about 7.6 with drops of 0.1 N NaOH. Manometers were filled with 
CO.-free nitrogen. 

In RBG the total acid formation, as indicated by CO, evolution, was 
usually equivalent to or somewhat higher than the lactic acid production 
(Table III). In RPG the acid formation, as calculated from the change in 
pH of the buffered suspension on the basis of the buffering capacity of the 
phosphate alone, was greater than in RBG, while the lactic acid production 
was considerably lower than in RBG. The acid formation in RPG was 
very much higher than the amount calculated from the lactic acid produe- 
tion. The nature of the extra acid has not been determined. Preliminary 
experiments in the absence of any buffer suggest that the peculiar anaerobic 
metabolism in RPG may be due to lack of bicarbonate or CO,. This point 
is being studied. It may be relevant to note that Geiger (10) found that 
the lactic acid formation in RPG could be brought to the same level as in 
RBG by the addition of adenosine triphosphate. The inhibitory effects of 
increased tissue concentration and tissue extract were similar in both media 
(Table III, Experiments 3 and 4). 

Comparison of Slices and Suspenstons— As has been noted by others, the 
rate of anaerobic glycolysis of brain cortex slices is very variable. For 
instance, Dickens and Greville (13) give values of Q25, between 6.2 and 19.2 
for rat brain under comparable conditions. Bumm et al. (8) gave values be- 
tween 3.5 and 10.5. In this work values, over 90 minutes, between 5.7 
and 21.5 have been obtained in different experiments, though the majority 
of the values fell between 10 and 15. The variability was just as marked 
when the activity was calculated on the basis of initial moist weight as of 
final dried weight of tissue. No sure correlation between the rate and 
variations of technique was discovered‘ and the reason for the variability 
is not vet understood. Duplicate determinations on samples of tissue 
from the same brains usually agreed within 20 per cent or less. Added 
pyruvate usually improved the maintenance of rate and reduced the rela- 
tive difference in activity between samples of slices which varied widely 
without added pyruvate (see Table IV). 

The anaerobic glycolysis of suspensions of whole brain is less variable 
than that of slices, and duplicate determinations agree exactly. In eleven 
comparable determinations on different brains, with 100 mg. of tissue in 


' The following are some of the variations tested: storing slices till ready in Ring- 
er’s solution with or without phosphate, warm or cold, in large or small volume, with 
or without O. bubbling through, or dropping slices directly into the RBG in the 
manometer vessel; leaving the whole brain dry for 15 minutes, draining slices lightly 
on a perforated disk or thoroughly on linen, using surface or deeper slices from small 
or large animals; having the medium freshly treated with 5 per cent CO. or exposed 
to the air, with or without calcium ion in the medium. 
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3 ce. of RBG, the CO, evolution was between 150 and 185 ¢.mm. in 90 
minutes, though no special precautions were taken to equalize the pre- 
liminary manipulations. Table IV shows results of experiments in which 
the anaerobic glycolysis of cortex slices, and of suspensions made from similar 
slices from the same brains, is compared ‘The rates for dilute suspensions 
average nearly the same as for slices, but are less variable; with stroager 
suspensions the rates per unit weight are lower than with slices.  (Suspen- 


Tasire IV 
Comparison of Slices and Suspensions 

Samples of slices from three brains were placed in manometer vessels containing 
2 ec. of Ringer-bicarbonate-glucose (RBG). The remaining slices were homogenized 
in RBG and 0.5 ec. of suspension plus 1.5 ec. of RBG or 2.0 ce. of suspension were 
pipetted into vessels. Pyruvate, | ec. of 0.006 mM in RBG, was added from side bulbs. 
The dry weight of tissue in suspension was calculated from the dry weight of 
samples of suspension and of RBG, allowance being made for the volume occupied 
by the tissue in the suspension 

The final dry weight of slices in each manometer was 10 to 16 mg. *‘ Dilute”’ 
suspension contained 6 to 9 mg., ‘dry weight, of tissue per manometer; ‘‘strong”’ 
suspension contained 4 times as much. 

C.mm. of CO, evolved per mg., dry weight, of rat brain cortex in the first 30 min- 
utes and, in parentheses, in the third 30 minutes 


Pyruvate, 0.002 m, added 


Suspension 


Slices Suspension 
Slices 
Dilute Strong Dilute Strong 
9.7 (3.9 8.1 (8.9) 5.4. (3.3 14.0 (10.6) 9.6 (6.4) $.0 (5.3) 
11.7 (5.8) 14.7 (11.4) 
2 9.7) 8.5 (3.3) 5.0 (2.9 10.2 ( 7.8) 10.5 (6.5 8.1 (6.3 
b.2 2.0 9.7 ( 6.9 
11.4 (5.3) 9.3 (6.3) 11.8 ( 5.0) 7.8 (4.0) 
10.0) (4.1) 3.3 € €. 
S 8* (4.5) 7.9* (5.0) Sa G1 
* Average of above and three other experiments 


sions prepared in hypotonic medium show greatly reduced activity, even 
if salt is added after homogenization.) 

Tissue extract inhibited the glycolysis of slices to about the same extent 
as that of suspensions. Serum, 2 ce., inhibited the chemically determined 
lactic acid formation strongly, 60 to 80 per cent. There was no consistent 
variation in the rate per unit weight with increasing amounts of slices up 
to about 20 mg. of final dry weight in 3 ec., but with large amounts, over 40 
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mg. of dry weight, the rate fell off rapidly with time. Experiments in- 
dicated that this effect could be accounted for by accumulation of lactate. 

With suspensions, the initial rate of glycolysis is independent of the glu- 
cose concentration, at least between 0.001 and 0.017 m. With slices the 
rate Was appreciably lower in 0.0037 m than in 0.0075 m glucose. With 
suspensions, as with slices (Dickens and Greville (13)), incubation in the 
absence of both glucose and oxygen causes rapid destruction of the glyco- 
lytic activity, 85 per cent in 20 minutes. Addition of pyruvate does not 
restore the full activitv. Traces of oxygen greatly decrease the rate of 
destruction. 


DISCUSSION 


In view of the results described in the preceding sections it is apparent 
that no fixed value can be estimated for the “normal” glycolytic activity 
of brain and possibly of other tissues. Under conditions of anoxia, the 
rate at which glycolysis proceeds tn vivo will be partly determined by the 
local pyruvate concentration. This, in turn, will depend upon the amount 
of pyruvate in the circulation or upon the presence or absence of residual 
traces of oxygen or upon the extent to which pyruvate formed during pre- 
vious aerobiosis has been destroyed. Further doubt concerning the rates 
which may occur in vivo is raised by the report of Macfarlane and Weil- 
Malherbe (14) that the rate of glycolysis with slices is very high during the 
first few minutes of anaerobiosis and by the fact that tissue extracts, prop- 
erly supplemented, glycolyze very much faster than would be expected 
from the rates commonly observed with slices or suspensions (Geiger (11); 
Utter et al. (12)). The release of pyruvate-destroying factors and the 
inhibitory effect of increased tissue concentration may be functions of dam- 
age to the tissue. But it is possible that they reflect regulatory mechanisms 
which may be effective in vivo. 

Except in the case of muscle, little consideration has been given to the 
physiological réle of glycolysis. In muscle it is understood that glycolysis 
serves as a rapid method for producing energy-rich phosphate bonds when 
these are used up during activity faster than they can be provided by the 
oxygen supply and respiration. It is commonly assumed that glycolysis 
serves a similar function in other tissues. We would like to suggest the 
possibility that anaerobic glycolysis may be a normal process, not confined 
to emergency situations in various tissues, and might serve other functions 
besides the provision of energy. Local fluctuations in oxygen tension 
probably occur normally in the brain. Chambers and Zweifach (15) have 
described periodic spontaneous changes in the caliber of the entries to capil- 
laries in various tissues. Davies® has observed fluctuations in local oxygen 


> Davies, P. W., personal communication. 
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tension on the brain cortex surface. He found that the oxygen tension 
varies at different points from the full arterial tension down to at least as 
low as 5 mm. of Hg. In the preceding paper (3) it was shown that brain 
tissue respires at its full rate in the presence of very low oxygen tensions, 
at least as low as 4 mm. of Hg. It seems reasonable to suppose that, if 
the blood supply to any zone is decreased even briefly, the rapid respiration 
would quickly reduce the oxygen tension in the neighborhood of respiring 
cells below the critical level, and the cell group affected would tend to 
change over from respiration to glycolysis.£ The rate of glycolysis might 
be expected to be rapid almost immediately after the oxygen supply is 
diminished, since, as was shown in the preceding sections, the pyruvate 
present in the tissue after a period of aerobiosis would produce a nearly 
maximum glycolysis rate, and traces of oxygen remaining would tend to 
maintain the high rate. The lactic acid formed within the tissue cells by 
the glycolysis would be expected to produce marked changes in the fune- 
tional activity of the cells, owing to the effects of hydrogen ion concentra- 
tion on the distribution of electrolytes across the cell surface and on the 
activities of enzymes. Any lactic acid formed, in excess of what could 
be consumed during early restoration of aerobiosis, would presumably 
escape from the cells, affect the pH of the surrounding fluids, and tend to 
produce an increase in the local circulation rate by action on the blood 
vessels. 

Observations in the literature are in accord with the suggestion that 
glycolysis occurs normally in the brain. Glycolysis in the brain is very 
rapid once the circulation is stopped by decapitation (18), but lactic acid, 
which has accumulated in the brain during anoxia, disappears rapidly during 
recovery, probably by oxidation (19). However, even under normal con- 
ditions a small amount of lactic acid is added to the blood stream by the 
brain (20). Meyerhof and Lohmann (21) showed that fructose will serve 
as substrate for respiration but not for glycolysis in brain tissue. Since 
intravenous fructose will not prevent insulin convulsions, they suggested 
that glycolysis is an indispensable vital function of nervous tissue. Frue- 
tose does not maintain the electrical activity of the cerebral cortex in 
the hepatectomized animal (22). 


* If the oxygen tension in the tissue is 10 mm. of Hg, there would be present at most 
0.3 ¢.mm. of dissolved oxygen per ce. If the respiration rate of brain is about 5000 
¢.mm. per gm. per hour (16, 1), the dissolved oxygen could be completely consumed in 
0.2 second. Whole unexsanguinated brain contains about 2 per cent of blood (White 
et al. (17); Elliott, unpublished). If this were all in capillaries it might provide 
sufficient oxygen to last at most 3 seconds after complete cessation of flow, but the 
oxygen tension would fall rapidly. (These are average figures for whole brain; 
the quantities and times would, of course, vary in different regions.) 
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SUMMARY 
Factors affecting the anaerobic glycolysis of brain suspensions have been 
studied. 

Maximum stimulation by pyruvate is reached with about 5 K 10-5 m 
pyruvate. 

The rate is increased briefly by a preliminary period of aerobiosis, 
continuously by the presence of a trace of oxygen. These effects are shown 
to be due to the production, during respiration, of a concentration of 
pyruvate sufficient to stimulate the glycolysis. 

The rate is increased by washing the suspension with isotonic medium. 
This effect is shown to be due to the removal of a system which destroys 
ae, 

The rate per unit weight of tissue is decreased by increasing concentra- 
tion r” tissue. This effect is not more than partly due to increase in pyru- 
vate-destroving factors. 

Added lactate inhibits glycolysis somewhat in the absence but not in 
the presence of added pyruvate. 

6. Serum inhibits considerably. This effect is not due to the destruction 
of pyruvate. 

In Ringer-phosphate the lactic acid production is considerably lower 
than in Ringer-bicarbonate and a large amount of unidentified acid is 
produced. 

The activity of cortex slices is much m@re variable than that of suspen- 
sions. The glycolysis rate of dilute suspensions of cortex is nearly the 
same as the average rate for slices. 

The possibility that glycolysis is a normal process with functional 


significance is discussed. 
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INFRA-RED ABSORPTION SPECTRA OF STEROIDS 
I. ANDROGENS AND RELATED STEROIDS* 
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This is the first of a series of papers on the infra-red absorption spectra 
of steroids, with particular reference to the naturally occurring steroidal 
hormones.' These studies have shown that such spectra can be of consid- 
erable aid in the chemical identification of this group of compounds. The 
present paper contains a description of the methods used in this laboratory 
for qualitative infra-red spectroscopic analysis of crystalline steroids. The 
spectra of a number of naturally occurring androgens and related com- 
pounds are presented and are discussed in relation to chemical structure. 


Methods 


Instrument—The instrument used was the Hardy two-beam infra-red 
spectrophotometer (2), built by Mr. G. Fabian Soderstrom in our shop. 
Fig. 1 is a schematic diagram of the optical system of the instrument. A 
Nernst glower (.V) is the source of infra-red radiation from which the two 
beams are derived. One beam passes through a fixed iris diaphragm (D,) 
to the mirror Ws, which directs the beam to the top mirror at DM, from 
which it is focused on the upper portion of the first slit (S;). The other 
beam follows a similar course through a variable iris diaphragm (D) to 
mirror ./;, and then to the bottom mirror at DM, from which it is focused on 
the lower portion of the first slit (S;). The sample for analysis is mounted 
in front of the upper portion of slit S; and a blank rock salt plate, or control 
cell, in front of the lower portion of slit S;. Beyond slit S;, the beams pass 
through an optical system consisting of mirrors M., W3, Ms, My, and a 
sodium chloride prism (7?) of 10 em. base. The prism, through which the 
beams pass twice, is in a Wadsworth-Littrow mounting. Increments of 
wave-length in the resultant spectrum are focused on the upper and lower 


* Aided by a grant from the Josiah Macy, Jr., Foundation. 

' Infra-red analysis of the steroids was begun in this laboratory by Carl Herget 
and Ephraim Shorr, and was the subject of a brief report in 1941 (1). At that time 
Dr. Herget left this work in order to engage in war research at the Underwater Sound 
Laboratory, Harvard University. 
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portion of a second slit (S.) through which they pass to a mirror (./;), which 
focuses them on two matched thermocouple junctions (/). 

The thermocouple junctions are connected in opposition in a circuit 
containing*a Zernike (model Zc) galvanometer. As the prism is rotated, 
different wave-lengths of infra-red radiation are continuously brought into 
focus on the thermocouple junctions. When there is no absorption by the 
sample, there is no difference in the intensity of radiation on the two june- 
tions. However, at wave-lengths at which absorption occurs, the difference 
of intensity of radiation on the two junctions causes a deflection of the 
galvanometer. These deflections are amplified on a ground glass scale by a 
beam of light reflected from the glavanometer mirror. 









































Fic. 1. Schematic diagram of the optical system of the Hardy infra-red spec 
trophotometer. \ is a Nernst glower; ) and 2), iris diaphragms; W,, M2, DM, Ms, 
Vy. My. Me. and M; mirrors; S; and S. slits; ? sodium chloride prism; J a pair of 


matched thermocouple junctions. 


The absorption spectrum is recorded by keeping the galvanometer beam 
at the null point. This is accomplished with a manually operated wheel 
which controls the opening of the variable iris diaphragm (1) so as to 
balance the intensities of radiation on the two thermocouple junctions. 
The wheel also controls a pen which writes on adrum rotated through a gear 
system by the same motor which rotates the prism. In this manner, as 
the prism is rotated, the operator obtains a continuous tracing which repre- 
sents the absorption spectrum of the sample. On each tracing a scale is fixed 
by means of a vernier attachment on the gear mechanism controlling the 
prism rotation. This scale, which gives the position of the prism at any 
point on the tracing, is then converted into a wave-length scale by use of a 
calibration curve based on absorption spectra obtained with chemical com- 
pounds with well defined absorption bands at specific wave-lengths in the 


infra-red region. 
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The spectra presented in this paper extend from 2 to 12.4 4, although the 
spectrophotometer is capable of analysis out toabout 15 uw. From 2to 4.54, 
the width of the first slit (S;) was set at 0.1 mm., from 4.5 to 9 wat0.3mm.,and 
from 9 to 12.4 4at 0.6mm. The width of the second slit (S.) was always 
set 0.5 mm. greater than the width of the first. 

Preparation of Samples—Samples may be investigated either as solid films 
on rock salt plates or in solution, in suitable cells. In the present paper, 
only the results obtained with solid films are reported. The films were 
generally prepared by dissolving the sample in an organic solvent, and then 
placing the resulting solution dropwise on a salt plate, heated to a tempera- 
ture suitable for the rapid evaporation of the solvent. When pyridine was 
used as a solvent, as in most of the preparations reported on in this paper, 
the salt plate was kept at about 100° during the application of the solution. 
With heat-stable compounds, crystals were sometimes melted directly on 
a salt plate and allowed to solidify on cooling. 

The most satisfactory films for analysis are either glassy or composed of 
erystals with little seattermg power. When a film tends to deposit in fine, 
powdery crystals, the scattering effect of the film on the infra-red radiation 
results in lesssatisfactory spectra. This difficulty can be partly overcome by 
grinding the salt plate through which the control beam passes so as to 
simulate as closely as possible the scattering effect of the film. Usually 4 to 
6 mg. of material were used on a salt plate about 2 em. square and 3 mm. 
thick; but if material was limited, satisfactory results could be obtained 
with as little as | to 2 mg. 


EXPERIMENTAL 


The absorption spectra of the following androgens and related steroids 
are presented in this paper: androsterone, isoandrosterone, dehydroisoan- 
drosterone, 3-chlorodehydroisoandrosterone (Fig. 2); androstanediol-3(a),- 
I7(a), androstanediol-3(8), 17(a), A®-androstenediol-3(3),17(a), A®-andros- 
tenediol-3(a@),17(8) (Fig. 3); androstanedione-3,17, A‘-androstenedione-3, 17, 
3(a)-hvdroxyetiocholanone-17, 3(a)-acetoxyetiocholanone-17 (Fig. 4); tes- 
tosterone, testosterone propionate (Fig. 5). 

In the spectra presented, transmission is plotted against wave-length. — It 
should be pointed out that in spectra obtained with solid films, transmis- 
sion may vary greatly with varving thicknesses and scattering powers of 


* We wish to express our gratitude to the following for donating crystalline samples 
of the steroids studied in this work: Dr. Erwin Schwenk of the Schering Corporation 
for testosterone, testosterone propionate, androsterone, and dehydroisoan drosterone ; 
Dr. R.C. Mautner of Ciba Pharmaceutical Products, Inc., for isoandrost erone, an ros 
tanediol-3(a@).17(a@), androstanediol-3(8),.17(@), androstanedione-3,17, A°-andros- 
tenediol-3(8).17(a@), A5-androstenediol-3(@).17(8), A*‘-androstenedione-3,17; and 
Dr. Seymour Lieberman and Dr. Konrad Dobriner of the Memorial Hospital, New 
York, for 3(a@)-hydroxyetiocholanone-17 and 3(a)-acetoxyetiocholanone-17. 








378 ABSORPTION SPECTRA OF STEROIDS 








Iscandrost 


erone 
(crystalline from pyridine) | 











Dehydroisoandrosterone 
(rystalline from pyridine) on 


Transmission 
































9 10 ll 2 4 
Wavelength in 4 
Fig. 2 
different films. Nevertheless, the distribution of absorption bands in the 


spectrum of any one compound remains constant when different films of 
that compound are subjected to infra-red analysis. 
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Analysis of Spectra 
Absorption bands in the infra-red region studied here result from intera- 
tomie vibrations, whose frequencies are related to the strength of the atomic 
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bonds involved. It should therefore be possible to assign certain absorption 
bands to particular atomic groups or linkages. ‘This has been accomplished 
by comparison of the various spectra obtained in this laboratory as well as 
by a study of the infra-red absorption spectra in the literature (e.g., see 
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Barnes ef al. (3)). The absorption bands which can be assigned to specific 
atomic linkages will be discussed first. 

O--H Absorption —<A review of the literature (3-6) reveals that absorption 
bands arising from the linear vibration of hydrogen in alcoholic hydroxy] 
groups occur between 2.75 and 3 yu. This rather wide range of absorption 
has been obtained in studies employing a variety of solvents and concentra- 
tions. Hlowever, when alcohols are studied in dilute solutions in carbon 
tetrachloride or chloroform, the hydroxyl band occurs uniformly between 
2.75 and 2.77 w. From this it has been inferred that the ‘free’ hydroxyl 
absorption band occurs at approximately 2.75 uw, and that the broader 
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range of hydroxy! absorption obtained in other than these dilute solutions is 
due to intermolecular hydrogen bonding. With the series of solid films 
studied here, the aleoholic hydroxy! absorption bands were also found to oc- 
cur over a fairly wide range extending from 2.78 to 2.99 wu. The concept of 
intermolecular hydrogen bonding may also provide the explanation for the 
occurrence of hydroxyl bands at wave-lengths above 2.75 yw in the case of 
these solid films. Such bonding would be possible if the hydroxy! groups in 
these crystalline steroidal preparations were spatially oriented in the prox- 
imity of other hydroxy! or carbonyl groups in the crystal lattices. Evidence 
for hydrogen bonding of hydroxyl groups in crystal lattices of certain 
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steroids, such as isoandrosterone and estrone, has been obtained by x-ray 
analvsis (Bernal and Crowfoot (7)). It may be seen in Table I that the ex- 
tent of the shift of the hydroxyl bands to higher wave-lengths differs for the 
various members of the series. Since other studies have shown that the 
extent of the shift to higher wave-lengths is proportional to the strength of 
hydrogen bonding, the variations noted in Table I are susceptible to the 
same interpretation. It is possible that in some compounds the orienta- 
tion of the hydroxy! groups is more favorable for stronger hydrogen bonding 
than in others. 

No absorption bands are present in the hydroxyl region in the spectra of 
those compounds devoid of hydroxyl groups (androstanedione, androstene- 
dione, testosterone propionate, and 3(a)-acetoxyetiocholanone-17). It 
should be pointed out that in the spectrum of 3-chlorodehydroisoandros- 
terone a small amount of absorption persists in the region near 2.86 yu. 


TABLE | 


lbsorplion Maxima in Hydroxyl Region 


Compound Wave-length 


Androsterone 

Isoandrosterone 
Dehydroisoandrosterone 
Androstanediol-3(a@),17(a@ 
Androstanediol-3( 8), 17 (a) 
\M}-Androstenediol-3( 8). 17 (a 
A®-Androstenediol-3(a@).17(8) 
3(@)-Hydroxyetiocholanone-17 


tC hw tS ON Ot ot 
= 


Testosterone 


This is regarded as arising from the incomplete conversion of dehydroisoan- 
drosterone to the chloro derivative, the small absorption band in the O--H 
region arising from the unconverted dehydroisoandrosterone in the sample. 

(—H Absorption—-In all the spectra presented here, a strong band occurs 
around 3.35 u. This band is assigned to the linear vibration of hydrogen in 
('—-H groups of the steroids, since it is in the expected region for absorption 
of aliphatic (—-H groups (3, 8). Aliphatie C—H groups, through an 
angular vibration of the hydrogen, also produce absorption bands in the 
region near 7 4 (3). This would account for the bands in the region between 
6.75 and 7.00 4. In some of the spectra, only a single band is found, gener- 
ally around 6.85 y, as in the case of androsterone, while in other spectra two 
bands are resolved, one generally around 6.80 y, and the other around 6.90 u, 
as in the case of isoandrosterone. 

CH, Absorption -Methy] groups have been found to give rise to absorp- 
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tion bands in the region between 7.20 and 7.30 uw (3). In all the spectra 
presented here, a band occurs between 7.20 and 7.25 u. These bands are 
interpreted as arising from vibration of the angular methyl groups at Cj 
and Cs. In 3(@)-acetoxyetiocholanone-17 and in testosterone propionate, 
the CH, of the acety] and propiony! groups would contribute to the absorp- 
tion in this region. 

C=O Absorption—Carbonyl groups, whether present in ketones, alde- 
hydes, acids, esters, or anhydrides, absorb in the region between 5.45 and 
6.05 « (3). In the compounds under consideration, the following carbony! 
groups are encountered: unconjugated ketones at C; and Cj;, conjugated 
ketones at C;, and unconjugated ester carbonyl groups. In compounds in 
which an unconjugated C,; ketone is the only carbonyl group present 
(androsterone, isoandrosterone, dehydroisoandrosterone, 3(a)-hydroxyetio- 
cholanone-17, and chlorodehydroisoandrosterone), the carbonyl absorption 
band occurs at about 5.75 u. In androstanedione-3,17 the carbonyl band 
also occurs at about 5.75 uw; apparently the absorption frequencies of the 
unconjugated C3; and C,; ketones are so close as to result in only a single 
large absorption band. 

Double bond conjugation of a carbony] group shifts the absorption to a 
higher wave-length (3). This is evident in the case of testosterone in which 
the conjugated C; ketone absorption occurs at 5.97 uw. A band at the same 
position is produced by the same grouping in A‘-androstenedione-3 ,17. In 
addition, the spectrum of the latter shows a band at 5.75 yu, resulting from 
the unconjugated C,; ketone. Unconjugated ester carbonyls, as found in 
3(a)-acetoxvetiocholanone-17 and testosterone propionate, absorb at about 
5.75 wu. In the former compound, the ester absorption band is unresolved 
from the Cy; ketone band, but in the latter, it is clearly resolved from the 
conjugated C; ketone band at 5.97 u. 

C=C Absorption—An unconjugated C=C group has been found to give 
rise to an absorption band near 6.04 (3). Conjugation of the double bond 
in such a group results in a shift of the band to about 6.20 yu, and generally 
to an increase in the intensity of absorption (3). Of the steroids under 
study, dehydroisoandrosterone, 3-chlorodehydroisoandrosterone, A>-andros- 
tenediol-3(a) ,17(8), and A®-androstenediol-3 (8), 17(@) have an unconjugated 
double bond between Cs; and Cs. All of these compounds give a weak ab- 
sorption band between 5.95 and 6.00 ». In testosterone, testosterone pro- 
pionate, and A‘-androstenedione-3 , 17, the double bond between C, and C; 
is conjugated with the C; ketone double bénd. To this conjugated C=C 
linkage can be assigned the band which occurs at about 6.19 uw in the spee- 
trum of each of these steroids. 

C—O Absorption—V ibration of a C—O linkage when the carbon also has 
a double bond linkage has been shown to produce an absorption band around 
8.0 u (3). This type of grouping occurs in esters. In 3(a)-acetoxyetio- 
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cholanone-17, it probably accounts for the band at 8.02 « and mm testosterone 
propionate, for the band at 7.95 u 

If the carbon in a C—O linkage has only single bond linkages, the absorp- 
tion for the C—O vibration occurs between 9.0 and 10.0 4 (3). This type of 
linkage occurs in all steroids containing hydroxy! groups, and therefore in 
the spectra of such steroids one might expect to be able to assign bands in 
that region to the C—O vibrations. However, in any one spectrum there 
are generally several bands in that region, not only in the case of steroids 
containing C—O groups, but frequently in the case of steroids having no 
('—O group (e.g. A*t-androstenedione-3 ,17). This situation necessitated 
careful cross-comparisons of the spectra of many steroids in the attempt to 
assign certain wave-lengths of absorption to the C—O linkages of hydroxy] 
groups. Such cross-comparisons of the spectra in this paper, and also of 
those spectra to be presented in subsequent papers, have brought out 
certain relationships between bands occurring in the 9.0 to 10.0 uw region and 
the presence of different types of hydroxyls in steroids. With respect to 
certain types of hydroxyls found in the steroids investigated in the present 
study, the following findings have been made. 

('s-(8)-Hydroxyl trans to a Cs5-hydrogen—Steroids with this type of hy- 
droxy! have all given a major band between 9.45 and 9.55 u (e.g., isoandros- 
terone, 9.47 yu ). 

(-(a)-Hydroxyl trans to a Cs-hydrogen—Steroids with this type of hy- 
droxy! have all given a band between 9.45 and 9.55 uw. In the case of the 
3(a)-hydroxyetiocholanone-17, this band (9.47 uw) is not large, but in 
certain pregnane and cholic acid derivatives having this type of hydroxyl, 
the band in this region is a major one. 

('3-(a)-Hydroxyl cis to a Cs-hydrogen—The only steroids so far examined 
with this type of hydroxy] are androsterone and androstanediol-3(@),17(a). 
Both of these compounds give a band of medium intensity near 9.4 » and a 
band of strong intensity near 9.9 yu. However, spectra of additional 
steroids containing this tvpe of hydroxyl are required before bands at 
either of these wave-lengths can be said with certainty to be related to the 
('—-O group of the type of hydroxy] in question. 

(';-(8)-Hydroxryl accompanied by a Cs—Cs double bond—Steroids with this 
type of hydroxy! have all given a major band between 9.40 and 9.45 u (¢.g., 


dehydroisandrosterone, 9.41 y). 

Cy;-Hydroryl trans to a C\3-methyl— steroids with this type of hydroxy! 
have all given a major band between 9.35 and 9.45 u (e.q¢., testosterone, 
9.35 and 9.43 yw (split band)). 

If a steroid has two hydroxy! groups included in the types listed above, the 
absorption resulting from the presence of the two groups is not always 
resolved into two bands. For example, in the 9.35 to 9.50 yu region, andros- 
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tanediol-3(8) ,17(@) gives only one band at 9.47 uw, and A®*-androstenediol- 
3(8),17(a@) gives only one band at 9.43 x. 

It is likely that the absorption bands discussed above in relation to dif- 
ferent types of hydroxyls in steroid molecules result from the vibration of 
the C—O linkages of the hydroxyl groups. Even if conclusive proof of this 
is lacking at the present time, it does not detract from the possible useful- 
ness of these relationships in aiding in the determination of the chemical 
structure of newly isolated steroids. Finally, it should be reemphasized 
that major bands sometimes occur near 9.4 and 9.5 yw in the spectra of 
steroids having no hydroxy! groups. Because of this, it is well to bear in 
mind that major bands in this region should not by themselves be considered 
conclusive evidence of the presence of any hydroxyl groups in a steroid. 

Other Absorption Bands—It is impossible at present to assign the majority 
of the absorption bands in the infra-red spectra of steroids to specific inter- 
atomic vibrations. Most of these “unassigned”? bands occur beyond 10 x. 
Some of them between 10 and 11 uv probably arise from C—C vibrations (3). 
Many of them undoubtedly result from complex vibrations involving the 
steroid nucleus itself. For this reason, it might be expected that steroids 
with a similar structural configuration in one part of the molecule would 
show certain absorption bands in common. With this possibility in view, 
cross-comparisons were made of the absorption spectra in the region beyond 
104. Several apparent relationships between chemical structure and wave- 
lengths of major absorption bands were found. Two of these relationships 
appear to be well enough established to be reported at the present time. 

First, all steroids so far investigated with the configuration A give a 


| 
pes 


O 
(A) 


strong band around 11.5 u. In A*t-androstenedione-3,17, this band is at 
11.50 yu, in testosterone at 11.49 uw, and in testosterone propionate at 11.56 yw. 
As will be shown in a subsequent paper,’ introduction of a ketone or hy- 
droxyl group at Cy, as in certain corticosteroids, tends to lower the wave- 
length of this major band. 

The second relationship involves the configuration B, All steroids 


/\/N\N 


HO 





(B) 


* Furchgott, R. F., Rosenkrantz, H., and Shorr, E., unpublished. 
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so far investigated which have this configuration give a major band near 
11.9 uw. In dehydroisoandrosterone, the band occurs at 11.9 u, and in 
A’-androstenediol-3(8),17(@) at 11.96 u. It should be emphasized that this 
band is one of the bands of major intensity in the spectra of compounds hay- 
ing the structural configuration in question. ‘This point is stressed since 
nearly all steroids having the structural configurations C give a band of 
moderate to weak intensity near 12.0 uy. 


j ! 
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Although many of the bands in the infra-red spectra of steroids cannot as 
vet be assigned to specific interatomic vibrations or related to definite 
structural configurations in the molecules, they are nevertheless of great im- 
portance in the identification of steroids and in their differentiation by the 
method of infra-red spectroscopic analysis. Largely because of such bands, 
this method permits a ready differentiation between steroidal isomers. A 
comparison of the spectra in this paper shows that this is possible not only 
for chemical isomers, such as testosterone and dehydroisoandrosterone, but 
also in the case of steric isomers, such as androsterone, isoandrosterone, and 
3(a)-hydroxyetiocholanone-17. 


SUMMARY 


1. The infra-red absorption spectra from 2 to 12.4 « of various androgens 
and related steroids have been presented. 

2. Certain absorption bands in these spectra have been discussed in 
relation to the chemical structure of these compounds. 

3. Infra-red spectroscopy constitutes a method of value for the analysis 
of the chemical structure of steroids. 


We wish to acknowledge the technical assistance of Miss Alice Stohl and 
Mrs. Mildred Groves. 
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Hammond (1) reported the feeding of dried cow manure to growing chick- 
ens. He found that it improved the rate of growth when added to low 
grade growing diets. The addition of dried cow manure to a good diet did 
not make it any better. Hammond (2) reported later that dried cow 
manure supported growth and efficiency of feed utilization in chicks ap- 
proximately as well as alfalfa leaf meal when added to a practical war time 
diet containing sardine fish-meal. Whitson e¢ al. (3) showed that 8 per cent 
of dried cow manure and 3 per cent of sardine fish-meal were about equally 
effective in improving the growth of chicks fed a diet containing 35 per 
cent soy bean oil meal and no animal protein. These authors concluded 
that the substance contributed by cow manure was not a protein or any of 
the chemically characterized vitamins. 

This paper shows that the growth substance in manure is not identical 
with any of the uncharacterized growth factors which have been reported 
essential for the chick; namely, the Lactobacillus casei factors, factor U, 
factors R and 8, vitamins By and By, and folie acid. 

It has been reported (4) that there are three Lactobacillus casei factors. 
Each factor has been isolated from a different source: one from liver (5), 
another from yeast (5), and the third from a fermentation residue (4). The 
evidence thus far reported (6) indicates that the recently synthesized folic 
acid (Lederle) is identical with the L. casei factor from liver. Vitamin B,, 
the antianemia and chick growth factor, first reported by Hogan and Par- 
rott (7) and obtained in crystalline form by Pfiffner et al. (8), is believed by 
Stokstad (5) to be identical with the L. caset factor from liver. 

Two of the three Lactobacillus casei factors have been shown to be re- 
quired by the chick. The factor from liver has been shown to be required 
(7-11) for the prevention of anemia and the promotion of growth. The 
evidence presented for the synthetic Lactobacillus casei factor (6) shows that 
the prevention of anemia and the promotion of growth parallel each other 
when the basal diet is fed alone and supplemented with 50 y per 100 gm. of 
diet. The report of Campbell et al. (12) shows that vitamin B,. prevents 
anemia and promotes growth at the same time on a given dose of the 
crystalline material. 
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Hutchings ef al. (4) stated that the Lactobacillus casei factor from a fer- 
mentation residue was “‘active in the nutrition of the chick.”’ Seott et al. 
(13) reported that this factor and either a-pyracin lactone or 8-pyracin 
lactone are required for the complete prevention of macrocytic, hypochro- 
mic anemia in chicks. The normocytic, hypochromic type of anemia de- 
veloped when the L. casei factor was supplied without one of the pyracin 
lactones; the macrocytic, normochromic type of anemia occurred when 
3-pyracin lactone was added to the diet without the L. casei factor. Daniel 
etal. (14) have reported on the formation of folic acid (a marked increase in 
Streplococcus lactis R activity) when the L. casei factor from fermentation 
residues was incubated with a- or 8-pyracin lactone in chick liver brei. 

Factor U was first prepared from veast by Stokstad and Manning (15) in 
1938. They presented evidence to show that this factor, when added to 
their basal diet, stimulated growth of chicks. The growth factor was found 
to be present in large amounts in alfalfa, middlings, wheat bran, and veast. 

Factors R and 8 were concentrated from extracts of yeast by Bauernfeind 
et al. (16) in 1938. The chick’s need for factors R and 8 was confirmed by 
Hill e¢ al. (17). These workers also showed that factors R and 8 are not 
identical with folic acid, Lactobacillus casei factor from liver, or vitamin B.. 

Briggs et al. (18) reported the existence of two water-soluble vitamins 
needed by the chick. One, essential for proper feather formation, was 
named vitamin By; the other, necessary for growth, was named vitamin By. 
Both of these vitamins were obtained as concentrates from solubilized liver 
(Wilson’s liver fraction L). Reporting on the distribution of these unidenti- 
fied vitamins, these authors state, “liver and brewers’ yeast are the best 
sources, adequate at 5 per cent of the diet. Linseed oil meal, soy bean oil 
meal, alfalfa leaf meal, and grass are comparatively good sources.”’ 

Mitchell et al. (19) reported the concentration of a factor (folic acid) from 
spinach. This factor was active for both Lactobacillus casei and Streptococ- 
cus lactis R. Hutchings et al. (4) have reported that the three L. casei fac- 
tors (from liver, yeast, and fermentation residue) appear to be different from 
folic acid obtained from spinach. They base this statement on absorption 
spectra of the four factors. Briggs ef al. (20) showed that a concentrate of 
spinach folic acid obtained from Mitchell’s laboratory promoted growth 
to some extent when added to a basal diet deficient in vitamin By. This 
growth was ascribed to vitamin By, activity in the folic acid concentrate. 
No information has been found in the literature to indicate that the folic 
acid of spinach is required by the chick. Briggs et al. (18) reported that 
maximum growth of chicks was obtained on a purified diet containing 17.5 
y of added folic acid per 100 gm. of diet. Hill et al. (17) indicated that the 
folie acid requirement appeared to be less than 15 y per 100 gm. of diet. 
These two figures were not based on spinach folic acid concentrates, but on 
the activity of the diets for L. casei and S. lactis R. 
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EXPERIMENTAL 


Each experimental group consisted of twenty-five cross-bred chicks. The 
chicks were reared in electrically heated batteries which were in an air- 
conditioned room. All experiments were started with day-old chicks and 
terminated at the end of 6 weeks. The basal diet consisted of yellow corn 
38.0 per cent, barley 20.0, alfalfa leaf meal 3.0, soy bean oil meal 35.0, 
butyl fermentation solubles (containing 250 y of riboflavin per gm.) 0.6, 
steamed bone meal 1.5, limestone 1.0, salt (96 per cent NaCl, 4 per cent 
MnsSO,-4H-.O) 0.7, and vitamins A and D feeding oil (400 A. O. A. C. units 
of vitamin D, 2000 U.S. P. units of vitamin A per gm.) 0.2. To each LO) 
gm. of this diet were added 50 mg. of choline chloride and | mg. of nicotinic 
acid hydrochloride. The various supplements tested replaced an equal 
weight of corn in the diet. 

In order to determine the relationship between the antianemia factors 
reported in the literature and the chick growth factor in cow manure, a 
study of the hemoglobin and hematocrit. values in 6 week-old chicks was 
made. The hemoglobin and hematocrit values were determined for twelve 
chicks that had been reared on the basal diet and for a similar number 
reared on the diet supplemented with 8 per cent cow manure. The average 
hemoglobin and hematocrit values for the basal group were 11.0 gm. per 
cent and 29.1 per cent respectively. These chicks compared favorably with 
the chicks fed cow manure, whose average hemoglobin and hematocrit 
values were 11.7 gm. per cent and 30.5 per cent respectively. 

Evidently the hemoglobin and hematocrit values for the basal group were 
normal. The addition of 8 per cent of cow manure to the diet did not make 
any significant changes in these blood characteristics. 

Yeast is a good source of factors U, R, and 8, and vitamins By and By. 
Butyl fermentation solubles are a good source of the characterized B vita- 
mins and probably many of the unidentified vitamins. Experiment | was 
designed to determine how the addition of yeast or butyl fermentation solu- 
bles to the basal diet would affect the growth of chicks. Also included in 
this experiment were some groups fed pyracin lactone and some related 
compounds. Scott ef al. (21) reported that pyracin lactone was essential 
for the promotion of growth and prevention of anemia in chicks. The 
supplements fed and the average weights of the chickens at 6 weeks are 
listed in Table I. 

The results of this experiment show that veast' and butyl fermentation 
solubles do not contain any substance which is identical with the chick 
growth factor in cow manure. Neither pvracin lactone nor the other two 


' These yeast samples were tested for their content of vitamins Byy and By by 
Mr. Robert Lillie and Dr. G. M. Briggs, Jr., of the University of Maryland, and 
were found to be potent sources of both vitamins. 
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related compounds showed any beneficial effect on growth at a level of | 
mg. per kilo of diet. 

Alfalfa leaf meal is a good source of factor U. Solubilized liver is the 
material from which concentrates of vitamins Bio and By, have been pre- 
pared. In Experiment 2 the basal diet was supplemented with these mate- 
rials in order to determine whether they would contribute anything to the 
growth potential of this diet. The supplements fed and the average 
weights of the chickens at 6 weeks are listed in Table I. 


TaBie | 


Results of Feeding Various Supplements Containing Unidentified Factors 


Average weight of chick 





a ~ a Supplement ppt gat 
vm 
I None 333.3 
| 8 cow manure $27.5 
| 5° butyl fermentation residue 311.5 
| 5% yeast (Anheuser-Busch strain G) 299.7 
5% ‘** (Fleischmann) 312.8 
Pyridoxamine dihydrochloride (1 mg. per kilo 289.7 
diet ) 
Pyridoxal hydrochloride (1 mg. per kilo diet 311.3 
| Pyracin lactone (1 mg. per kilo diet 295.1 
2 None 352.0 
5°, cow Manure 451.2 
5°, alfalfa leaf meal 296.8 
3°, Wilson’s liver fraction L 473.2 
3 None 214.2 
Folic acid (Lederle synthetic) (1 mg. per kilo 215.3 
diet ) 
0.1 choline chloride 239.9 
Folic acid (1 mg. per kilo diet) + 0.1°, choline 248.6 
chloride 





Alfalfa leaf meal did not contribute any of the deficient growth substance 
to the basal diet. However, solubilized liver was a very potent source of 
the substance in which the basal diet was deficient. In this experiment and 
in all other experiments related to this problem, the feather growth of the 
chicks on the basal diet was normal. 

During the course of these experiments the synthetic folic acid (Lederle) 
became available. Experiment 3 was planned to determine whether this 
synthetic compound would have any effect on chick growth when added to 
the basal diet alone or with an additional 0.1 per cent choline chloride. The 
supplements fed and the average weights of the chickens at 6 weeks are 


listed in Table I. 
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It is evident that synthetic folic acid (Lederle) did not improve the 

growth-promoting properties of the basal diet. 
DISCUSSION 

That the growth factor of cow manure is not identical with any of the 
previously reported growth factors is evident. It improves the growth- 
promoting properties of the basal diet, whereas the other factors and ingre- 
dients containing them donot. Deficiency of the Lactobacillus caset factors 
causes anemia in chicks, which parallels poor growth. The basal diet de- 
scribed here prevents anemia but does not support good growth. Further- 
more, synthetic folic acid (Lederle) and pyracin lactone did not stimulate 
growth when added to the basal diet. These antianemia factors, therefore, 
cannot be identical with the growth factor of cow manure. 

Yeast is a good source of factors U, R, and 8, and vitamins By and By. 
Two ‘different yeasts when fed as 5 per cent of the diet failed to show the 
growth-promoting effect of cow manure. Alfalfa leaf meal, which is a good 
source of factor U and a fair source of vitamins By) and By, failed to stimu- 
late growth in these experiments. The basal diet cannot be deficient in 
vitamin By,» because it supports normal feather growth. Thus, the growth 
factor in cow manure is not identical with factors U, R, or 8S, or vitamin 
Byo or Bu. 

Solubilized liver as well as cow manure proved to be a good source of sub- 
stances which promote growth when added to the basal diet, whereas buty! 
fermentation solublés did not. 

It was reported previously from this laboratory (22) that the growth of 
chicks fed this same basal diet was stimulated by the addition of 0.1 per cent. 
choline chloride in combination with either 2 mg. of calcium pantothenate or 
0.4 mg. of pyridoxine hydrochloride per 100 gm. of diet, although the basal 
diet was calculated to contain more than adequate quantities of all three of 
these vitamins. That cow manure does not owe its growth-promoting 
properties to such a combination of known vitamins is indicated by frac- 
tionation experiments to be reported in another paper (23). 


SUMMARY 


Evidence has been presented to show that the growth factor of cow ma- 
nure is not identical with the Lactobacillus casei factors (from liver, yeast, or 
fermentation residues), factors U, R, or S, vitamins By or By, synthetic 
folie acid (Lederle), or pyracin lactone. 
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A CHICK GROWTH FACTOR IN COW MANURE 


If. THE PREPARATION OF CONCENTRATES AND THE PROPERTIES 
OF THE FACTOR 
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Maryland) 
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In a previous report (1) evidence was presented which showed that a new 


unidentified growth factor for the chick was present in dried cow manure. 
This paper is a report on methods for the concentration of the growth 


substance. 


EXPERIMENTAL 


An extract was prepared from cow manure in the following manner. 
Fresh manure containing little or no urine was dried in an oven at approxi- 
mately 45° for 24 to 36 hours. It was then ground in a hammer mill 
through a 3/16 inch screen. A Biichner funnel, approximately 25 cm. in 
diameter, set in a 4 liter vacuum flask, was used for leaching the manure. 
A No. 2 Whatman filter paper was placed in the funnel, the vacuum turned 
on, and 450 gm. of ground manure poured in, leveled, and packed lightly 
around the edge of the funnel. On top of the manure was placed another 
filter paper, and finally boiling water was poured into the funnel in such a 
manner that the entire surface of paper and manure became wet almost 
simultaneously. The boiling water was poured in the funnel at such a rate 
that there was only a thin film of water over the top filter paper. When 
this procedure was followed correctly, it was possible to pour about 4.5 liters 
of boiling water over the manure in 5 to 10 minutes. Even minor variations 
in the procedure sometimes caused the manure to absorb the first addition 
of water and hold it, clogging the filter and permitting only a small volume 
of water to pass through into the flask. 

The extract prepared for Experiment | was made by extracting the ma- 
nure twice. After the first extraction, the residue was dried and then ex- 
tracted again. A sample of 3600 gm. of manure was extracted. The 
extract contained 444 gm. of air-dried solids and the residue weighed 2883 
gm. The apparent loss of 273 gm. might have been due to a change in 
moisture content and to small losses in handling. An alcohol extract was 
also prepared with 50 per cent ethy! alcohol at 50°. Again, a sample of 3600 
gm. of manure was extracted. The extract contained 468 gm. of air-dried 
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solids and the residue weighed 3004 gm. The difference of 128 gm. may be 
explained by the same reasons previously stated. 

The chicks used were day-old Rhode Island Reds. There were twenty- 
five chicks toa group. The chicks were reared in battery brooders in all of 
the experiments. ‘The basal diet has been described (1). The supplements 
tested replaced an equal weight of corn in the basal diet. The supplements 
fed and the average weights of the chickens at 5 weeks of age are listed in 
Table I. 

The results of Experiment | show that the growth factor was extracted 
by boiling water and by 50 per cent ethyl alcohol at 50°. It is also evident 
that the method of extraction was not very efficient; the extracted manure 
still contained considerable growth potency. 


TABLE | 


Growth Tests with Cow Manure Extracts 


Average weight 


Experiment No. Supplement of chickens 
at 5 wks. 

gm. 

l None 244.0 

8°, dried cow manure 272.1 

0.98°> aqueous extract of manure 279.6 

6.41°, extracted residue of manure 293.0 

0.98%) aqueous extract and 6.41; residue 277.8 

1.04% aleohol (50°;) extract of manure 273.6 

6.746, ” (50°) residue ‘ = 261.4 

1.046, is extract and 6.746, residue 274.6 


Least significant difference 29.5 gm. (19:1 odds 


In Experiments 2 and 3, extracts of cow manure were made with three 
organic solvents, 95 per cent ethyl alcohol, chloroform, and ether. These 
extracts were made by allowing the dried ground manure to soak for several 
days in a large excess of the solvent. The residues were removed by filtering 
through a Biichner funnel and reextracted in a similar manner. However, 
the chloroform and ethyl alcohol extracts were heated to 50° before they 
were filtered. The solvents were removed from the éxtracts by distillation. 
Chloroform and alcohol were removed at a bath temperature of 50° under 
reduced pressure. ‘The chicks were Rhode Island Reds and the rearing pro- 
cedure was the same as for Experiment 1. Supplements fed and average 
weights of the birds at 6 weeks are listed in Table II. 

The results of feeding extracts of cow manure made with organic solvents 
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show that 95 per cent ethyl alcohol was a fair solvent for the growth factor; 
but, like water, it did not bring about complete extraction. The factor was 
insoluble in chloroform and ether. 

Experiments 5 and 6 were a test of potency of the air-dried aqueous ex- 
tract and at the same time a determination of some of the properties of 
the growth substance in the extract. Each experimental group consisted of 
six 1-day-old Rhode Island Red chicks. Except for the dried manure sup- 
plement, which replaced corn in the basal diet, all supplements were added 
to the basal diet. The supplements fed and the average weights are listed 
in Table III. 


TABLE II 


Growth Tests with Fractions Extracted by Organic Solvents 


Average weight 





7 
Experiment No. Supplement | of chickens 
at 6 wks. 
| = 
2 | None | 204.2 
8°) cow manure 388.8 
| 0.16% ethyl aleohol (95°) extract = 8°, cow manure 360.8 
7.34% 8“ ae (95°7) residue = 8% “* - 406.3 
0.50% chloroform extract = 8°; cow manure 260.1 
7.50% - residue = 8°) ‘ ns 377.7 
| Least significant difference 43.2 gm. (19:1 odds) 
3 | None 305.4 
8°) cow manure 435.6 
().22°) ether extract = 8°, cow manure 302.2 
| 
4 


778% “ residue = 8° ‘ = } 400. 
} 





Least significant difference 42.5 gm. (19:1 odds) 


The heated manure extract was first ground to a fine powder and then 
heated at 100° in the dry state for 1 hour. The dialysis preparations were 
made by filling a cellophane tube with the filtrate from cow manure and 
allowing it to dialyze into distilled water until no color came through. This 
took several days; therefore, the whole process was carried out in a refrig- 
erator at 10° in order to prevent putrefaction. The manure filtrate solu- 
tions could not be kept very long even at refrigeration temperatures, as they 
became putrid in a few days. Experiment 6 was designed to determine 
whether autoclaving the filtrate solutions at 120° and 15 pounds pressure 
for 15 minutes would destroy the growth substance. 
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ixperiment 5 showed that the aqueous extract was potent when fed at a 
level of 125 mg. per 100 gm. of the diet. The growth substance in manure 
was not destroyed when heated dry at 100° for 1 hour. It did not dialyze 
through a cellophane membrane. Evidence was obtained in Experiment 6 
that the extract after autoclaving for 15 minutes at 120° and 15 pounds pres- 
sure was potent when fed at a level of 0.75 per cent. Lower levels were 


not fed. 


Taste IIT 


Potencies and Properties of Extracts 


Average weight 


Experiment No Supplement of chickens 
. at 6 wks 
gm 

rs) None 282.0 
st 271.8 

. 244.7 

So, cow manure 304.0 

0.125°, dried aqueous extract 322.0 

0.25°, " = we 336.0 

0.50°, +6 “ “ 303.0 

O75, ™ - 345.8 

0.125°, extract heated at 100°, 1 hr 325.8 

0.25°; - 7 > e ." 214.8 

0.50%, = - ere 323.5 

0.75°; “ “«  % 100°, 1 278.8 
Manure filtrate dialysate 0.75°, dried extract 254.0 

" ” dialysis residue = 0.75°7 dried extract 323.7 

6 None 263.2 

ee 288.8 

279.0 

260.8 

\utoclaved extract = 0.75°, dried extract 349.5 


During the course of these experiments it had become apparent that the 
chicks used were not suitable, The differences between the negative and 
positive controls were often too small; there was also a great deal of varia- 
bility among the chicks. It was decided to test the progeny of hens fed 
different diets. There were four hen diets involved; these are tabulated in 
Table IV. 

Diet 311 was an all-plant protein diet containing 30 per cent of soy bean 
oil meal and in many respects was very similar to the chick basal diet. Diets 
312 and 315 had high levels of fish-meal and Diet 314 was the same as Diet 
311, except that 5 per cent of cow manure replaced 5 per cent of vellow corn. 
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These diets were fed to cross-bred hens (Rhode Island Red K Plymouth 
Rock) mated to New Hampshire males. The chicks were tested in Experi- 
ment 7. ‘The maternal diets, the diets fed the chicks, and the average 
weights of the progeny are listed in Table V. In this experiment all chicks 
were fed the basal diet for the Ist week of life. There were six chicks in 
ach group. On the 8th day they were divided into groups of approxi- 
mately equal average weights and given the experimental diets. 

The results of Experiment 7 indicated that fish-meal and to some extent 
cow manure in the hen’s diet contributed something to the chicks which 
enabled them to grow as well on the chick basal diet as when the diet was 
supplemented with 5 per cent cow manure. Diet 311 did not possess this 
property. In subsequent experiments, only chicks whose dams were fed 


TABLE IV 
Maternal Diets 


The diets are given in per cent. 


Ingredients Diet 311 Diet 312 Diet 314 Diet 315 


Yellow corn 57.0 78.3 52.0 Is.5 
Alfalfa leaf meal 5.0 5.0 5.0 5.0 
Soy bean oil “ 30.0 | 30.0 30.0 
Steamed bone ‘* 1.2 | 3.2 4.2 2.7 
Limestone 2.3 2.0 3:3 3.3 
Butyl fermentation solubles 0.5 0.5 0.5 0.5 
Salt (04°, NaCl; 6% MnsS0O,) 0.5 0.5 0.5 0.5 
lodized salt 0.2 0.2 0.2 0.2 
Vitamins A and D feeding oil 0.3 0.3 0.3 0.3 
Sardine fish-meal 10.0 10.0 
Dried cow manure 5.0 


Diet 311 were used; they were selected on the 8th day, after having been fed 
the basal diet for a week. 

The fresh manure extracts had a pH range of 6.5 to 7.0. It was noted 
that when the autoclaved extract was acidified with HC! to pH 3.0, a gelat- 
inous precipitate formed. The major portion of the precipitate came out of 
solution in the pH range 3.0 to 4.0. Attempts to filter off the precipitate 
met with failure because of clogging of the filter. However, centrifuging 
for 30 to 45 minutes proved successtul. The fractions were dried to a thick 
paste in an oven at 45° and then to dryness in a vacuum desiceator. The 
acid-soluble material was very hygroscopic. A test of these fractions was 
made in Experiments 8 and 9. The supplements fed and average weights 
of the chickens at 6 weeks are tabulated in Table VI. There were six chicks 
in each group. 
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The results of these experiments showed that the major portion of the 


activity was precipitated by acid. 
The dried acid precipitate fraction was insoluble in distilled water. 


TasBie V 


Effect of Maternal Diet on Growth Potentialities of Chicks 


Ma&ernal diet No 


311 
3hi 
311 
Sil 
$12 
312 
$12 
312 
315 
315 
$15 
315 
3l4 
3l4 
$14 
314 


Experiment No 


Average weight of 


Supplement to chick diet 


None 


5°, cow manure 


or 


sf 

None 

o Cow manure 
a 
None 

, Cow thanure 
‘ 


None 


5°, cow manure 


Taste VI 


Potency of Fractions of Manure Filtrate 


Supplement 


None 

5°, cow Manure 

0.2, acid solubles (pH 3.0) 
0.2% ‘* ppt. (pH 3.0) 
None 


5°) cow Manure 
0.05°¢ acid solubles (pH 3.0 
0.05°¢ “ppt. (pH 3.0) 


at 6 wks. 


gm. 


363. 
394. 
494. 
502. 


512. 


524.6 
441.: 


477.6 


447. 
497. 


465.: 


455. 
116. 


377 


475.6 
H6.: 


0 


How- 


progeny 


Average weight of 
chickens at 6 wks. 





gm. 


474. 
533. 
489. 


538 .£ 
351. ¢ 


294. 


426.6 
375.! 


430.3 


ever, it dissolved slowly when the solution was adjusted to pH 7.0. 


This 


was done by adding a concentrated solution of NaOH dropwise with stirring 
until neutrality was nearly reached and then continuing to add a more dilute 
alkali solution. 
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When an equal volume of saturated (NH,4)2SO, was added to a neutral 3 
per cent solution of the acid precipitate fraction, a precipitate formed. ‘The 
half saturated (NH,)sSO, solubles were removed from the precipitate by 
centrifugation. Most of the original material was precipitated by the’ 
(NH,4).SO,. A negligible amount of material was removed by washing the 
precipitate twice with a half saturated solution of (NH4)eSO,. The wash- 
ings and the original solution were combined. The (NH4)2SO,4 was _re- 
moved from both fractions by dialysis through a cellophane membrane. 

The fractions produced with half saturated (NH4).SO, were tested in 
Experiments 10 and 11. The supplements fed and the average weights of 
the chickens at 6 weeks are listed in Table VII. There were six chicks in 
each experimental group. 


TaBLe VII 


Potency of Fractions of Acid Precipitate 


Average weight 


0.05% 77 ie: 345. 


Experiment No. Supplement of chickens 
at 6 wks. 
| - 
10 | None 373.0 
| 5°) cow manure 157.0 
| 0.07% acid ppt. fraction $39.1 
Half saturated (NH,)sSO, solubles = 0.07, acid ppt. {81.8 
Ti 6: ppt. = 0.07°, acid ppt. 161.1 
11 | None 273.5 
| ' 0.05°% acid ppt. fraction $14.2 
Half saturated (NH4).SO, solubles > 0.085% acid ppt. 402.5 
= ™ - si <= 0.07% ~ . 378.4 
| ws: " ppt. = 0.025% ‘“ “ 361.4 
| aa se = 5 
} 


It is apparent from the 6 weeks weights that the growth factor was 
| divided between both fractions. However, since most of the inert material 
/ was precipitated by the (NH4)sSO,, the growth substance was concentrated 

in the solubles. This fraction, when fed at levels equivalent to 0.035 and 
0.07 per cent of acid precipitate, introduced, respectively, only 3.75 and 7.5 
mg. of solids per 100 gm. of diet. Therefore the (NH,4)2SO, solubles con- 
stituted only 0.00375 or 0.0075 per cent of the diet. Experiment 1] was a 
repetition of Experiment 10. The same half saturated (NH4).SO, prepara- 
tions were tested at different levels of the diet. 


DISCUSSION 


Whitson ef al. (2) showed that cow manure contained a substance which 
stimulated the growth of chicks and was distinct from the characterized 
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vitamins. This factor was shown by Rubin and Bird (1) to be different 
from the previously described growth factors required by chicks. 

In this report a method for extracting the new growth substance from cow 
‘manure is presented. The growth factor was found to be soluble in water, 
50 per cent ethyl alcohol, and 95 per cent ethyl alcohol; it was insoluble in 
chloroform and ether. It was stable in the dry state at 100° for | hour, and 
was not destroved by autoclaving in solution for 15 minutes at 120° and 15 
pounds pressure. It did not dialyze through a cellophane membrane. — It 
was precipitated from solution at pH 3.0. A method of concentrating the 
growth factor has been developed. Optimum growth was obtained when 
only 3.75 to 7.5 mg. of the concentrate were added to 100 gm. of diet. 

It has been pointed out (1) that the growth of chicks fed the basal diet was 
stimulated by feeding high levels of calcium pantothenate or pyridoxine 
hydrochloride in conjunction with 0.10 per cent of additional choline 
chloride. The growth-promoting activity of the cow manure concen- 
trate cannot be ascribed to these vitamins. The total weight of the pure 
vitamins required exceeded the amount of the crude concentrate which was 
active at 3.75 to 7.5 mg. per 100 gm. of diet. 

Hens that were supplied with dried cow manure or fish-meal transmitted 
enough of the growth substance to their chicks so that the chicks had more 
than an ample supply in their bodies to last at least 6 weeks, and hence were 
able to grow well when fed the basal diet. 


SUMMARY 


1. A method of extracting and concentrating the growth factor of cow 
manure has been developed. The factor stimulates the growth of chicks 
fed a practical diet free of animal protein. The most potent concentrate 
obtained supported optimum growth when fed at levels of 3.75 to 7.5 mg. 
per 100 gm. of diet. 

2. The factor is stable to heat in the drv state at 100° for 1 hour and to 
autoclaving in solution for 15 minutes. It will not dialyze through cello- 
phane. The factor is moderately soluble in water, 50 per cent ethyl] alcohol, 
and 95 per cent ethyl alcohol; it is insoluble in chloroform and ether. 

3. The factor can be transmitted from the hen through the egg to the 


chick. 
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CARBOHYDRATE METABOLISM IN THE ASCORBIC ACID-DEFI- 
CIENT GUINEA PIG UNDER NORMAL AND 
ANOXIC CONDITIONS 
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Although there has been much effort expended in the study of the 
possible rdle of ascorbic acid in carbohydrate metabolism, this relationship 
remains obscure. 

Sigal and King (1) showed that the glucose tolerance was markedly 
lowered in a group of guinea pigs deficient in ascorbic acid for 10 days, 
that the tolerance fell further through the 20 day period during which the 
deficiency Was maintained, and that treatment with ascorbic acid returned 
the tolerance to normal in 15 days. Altenberger (2) noted that the liver 
glycogen of scorbutic guinea pigs was lower than that of normal animals. 
Giroud and Ratsimamanga (3) also found liver and muscle glycogen in 
ascorbic acid-deficient guinea pigs lowered in direct ratio to the duration 
of the deficiency and the muscle phosphocreatine decreased. Nair (4) 
reported decreased glucose tolerance and liver glycogen in scorbutice guine: 
pigs. Hamne (5) obtained evidence with pair-fed guinea pigs that in 
chronic scurvy the glycogen content of the liver and muscle was lower than 
in the normal animal. The liver glycogen was decreased in the early 
stages of scurvy and the muscle glycogen at a later stage, while the glycogen 
of the heart was not affected. 

Involvement of the adrenal and thyroid glands in the changes incident 
to ascorbic acid deficiency has been suggested. La Mer and Campbell 
(6) first reported increased size of the adrenals in scorbutic guinea pigs, 
and this has been confirmed by several other investigations (7-9). The 
most recent report is that of Baldwin, Longenecker, and King (10), who 
found in a series of twenty-five pairs of matched guinea pigs that the aver- 
age weight of the adrenal glands of the normal animals was 182 mg. and that 
of ascorbic acid-deficient animals 257 mg. The earlier literature contains 
many reports of degenerative and congestive changes, including lipid dep- 
osition, in the adrenals of scorbutie guinea pigs, but in nearly all of these 
studies the effect of inanition was not ruled out. MacLean, Sheppard, and 
McHenry (11) compared the tissues of scorbutic guinea pigs with those 
of normal animals which had been restricted to the reduced food intake of 


* Present address, State College of Washington, Pullman, Washington. 
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the deficient group and found by microscopic examination no differences 
in the adrenal glands. Baldwin, Longenecker, and King (10), likewise 
using paired animals, found increased size of the adrenals of the deficient 
animals but no changes in their lipid content. 

No studies of the effect of ascorbic acid deficiency upon the behavior of 
animals under anoxia could be found. When Sacerdote (12) subjected 
normal guinea pigs and rabbits to mixtures of nitrogen and oxygen in which 
the concentration of the latter was gradually reduced to 3 per cent in 10 
hours, there occurred a notable increase in the ascorbic acid level of the 
blood and a decrease in the ascorbic acid content of the adrenals. No 
observations were made on the carbohydrate metabolism. 

Wertheimer (13) found no change in the blood sugar of guinea pigs, pre- 
sumably normal, kept for 3 to 11 days at 340 mm. pressure, little change in 
the liver glycogen, and none in the muscle glycogen. 

The response to anoxia of pair-fed normal and scorbutic guinea pigs 
might be expected to offer some index of the condition of the adrenal glands, 
since it is now believed (14) that adaptation to anoxic conditions is de- 
pendent on the mediation of that gland. 

Several reports of abnormal oxygen consumption in the later stages of 
scurvy have appeared. Mosonyi and Kézdi (15) attributed this to hyper- 
activity of the thyroid, as did Hamne (5). Spence and Scowan (16), 
however, found no hyperplasia of the thyroid in acute scurvy and not in 
all cases of chronic scurvy. Térnblom (17) reported diminished oxygen 
consumption toward the end of the deficiency state. These contradictory 
observations made it seem worth while to study the oxygen consumption 
of pair-fed normal and scorbutic guinea pigs. 

This experiment was undertaken to determine the extent of carbohy- 
drate absorption, blood sugar levels, glycogen content, and oxygen con- 
sumption of normal and scorbutic guinea pigs under normal atmospheric 
pressure, and their utilization of carbohydrate under moderate anoxia. 
Some observations were also made on the weights of adrenal glands of nor- 
mal and severely deficient animals and on the lipid content of livers and 


Carcasses. 


EXPERIMENTAL 


Young guinea pigs (350 to 400 gm.) of both sexes were used. They were 
obtained from the laboratory colony and were paired carefully as to weight, 
sex, and litter origin. One of each pair was given no ascorbic acid but 
was allowed to consume the basal diet ad libitum. Each day the amount 
consumed was ascertained and the normal member of the pair allowed only 
that amount on the succeeding day. 
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The basal diet was a commercial rabbit food' which has been found satis- 
factory for the stock colony when supplemented with ascorbic acid. In 
addition to the feed, the animals were each given 5 gm. of wheat germ and 
0.5 gm. of gray fish oil (20,000 units of vitamin A per gm.) weekly. The 
normal animals were given by pipette 10 mg. of ascorbic acid three times a 
week. All the animals were kept at a temperature of 25-30°. 

The animals kept on this diet without ascorbic acid supplements de- 
veloped the first loss of appetite usually on the 14th day and definite scurvy 
in 19 to 24 days, as was evidenced by extensive hemorrhages of the fascia 
of the musculature, particularly of the legs. The deficient animals often 
lived 35 to 40 days or longer after the ascorbic acid supplement was re- 
moved from the diet. The progress of the deficiency varied so that guinea 
pigs, maintained different lengths of time on the basal diet, presented 
similar stages of scurvy, as manifested by ldéss of appetite and of weight, 
inactivity, soreness of joints, and unkemptness of fur. The attempt was 
made to institute the final determinations on all the animals at the same 
stage of the deficiency so far as this was possible. Because of the abrupt 
loss of weight of the scorbutic animals within a day or two of the onset of 
the symptoms, the final weight of the normal members of the pairs was 
usually 50 to 60 gm. the greater. 

When the deficient member of the pair was judged to be in an acute but 
not critical stage of scurvy, an event which usually occurred between the 
18th and 27th days on the diet, the carbohydrate utilization technique of 
Cori and Cori (18) was applied at once to both members of the pair. The 
animals were allowed to fast for 24 hours, were then given orally 5 ml. of a 
solution containing 2.5 gm. of glucose, and were sacrificed 6 hours later 
by injection of 1 ml. of 6 per cent sodium amytal intraperitoneally. 

Blood was taken by heart puncture. The liver was weighed, transferred 
at once to a weighed, glass-stoppered Erlenmeyer flask containing 30 ml. 
of hot 50 per cent KOH, hydrolyzed by heating in a boiling water bath, 
cooled, and weighed. The gastrointestinal tract was removed, the carcass 
weighed, plunged at once into a beaker containing 350 to 400 ml. of boiling 
KOH, and boiled until hydrolysis was complete. 

Glucose absorption was determined by the method of Cori and Cori 
(18), but only the small intestine was used, since even after fasting 24 


' Globe A-1 Wonder rabbit pellets, distributed by the Globe Grain and Milling 
Company, Oakland, California, and made of alfalfa meal, ground barley, ground 
oats, soy bean meal, wheat shorts, wheat bran, molasses, linseed meal, limestone, 
strained bone meal, salt, and dried whey. It contained, in per cent, crude protein 
15.0, fat 2.5, fiber 19.0, ash 10.0, added salts 1.0. and, in mg. per cent, thiamine 0.28, 
riboflavin 0.65. carotene 0.58. 
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hours the large intestine of the guinea pig still contained considerable 
amounts of organic matter. Trials on several animals showed that no 
glucose was present in the large intestine. 

The blood proteins and the protein in the digestive contents were pre- 
cipitated by the method of Somogyi (19). The blood sugar and the re- 
ducing value of the digestive tract were determined by the use of ceric 
sulfate, according to the method of Giragossintz, Davidson, and Kirk 
(20). Glycogen in liver and carcass was determined by the method of 
Good, Kramer, and Somogyi (21). Titration of the resultant reducing 
solution was carried out with ceric sulfate, and the reducing value of all 
titrations expressed as glucose. 

In a preliminary experiment five pairs of animals were used to deter- 
mine any differences as to urinary excretion of sugar. The normal animals 
excreted 115 mg. of reducing substance during 24 hours without food and 
the ascorbic acid-deficient animals 106. When 2.5 gm. of glucose were 
given and the urine collected for 6 hours, the excretion of the groups was 
45 and 35, or 180 and 140 mg. of glucose in 24 hours. Since the fasting 
excretion did not differ markedly from that following sugar feeding, true 
glycosuria was assumed to be absent and it was concluded that no signifi- 
cant effect could be attributed to the deficiency. Similar comparisons 
were not made, however, in the anoxia experiment. 

For the snoxia experiment the animals were also pair-fed. When the 
appetite of the scorbutic member of a pair declined, both animals were 
placed in the low pressure chambers and kept there without food for 24 
hours. No acclimatization was attempted, but the reduction in pressure 
was accomplished gradually. The previous fast and glucose feeding used 
in the glucose utilizatior! experiments were omitted, as was also the analy- 
sis of gastrointestinal contents. The animals were sacrificed upon re- 
moval from the chambers and blood sugar, liver glycogen, and body 
glycogen determined. 

The low pressure apparatus? consisted of a series of 2 liter glass Jars con- 
nected with the evacuating system by copper tubes sealed in the lids. 
The air inlet and outlet of the evacuating line were provided with a needle 
valve which allowed regulation of the adequately rapid air flow through 
the chambers. A calibrated mercury manometer inserted in the evacuat- 
ing line was used to indicate the pressure maintained, 349 mm. of Hg, cor- 
responding to 20,000 feet altitude (22). 


Results 


Glycogen and Blood Sugar, after Glucose Ingestion—In Table I are given 
the results obtained with three groups of animals. The differences be- 


* The apparatus was designed by V. V. Herring, Institute of Experimental Biology. 
University of California, Berkeley. 
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tween the normal and ascorbic acid-deficient animals were of the same 
order in all the groups. It is evident that the glucose tolerance of the 
deficient guinea pigs was lowered since their blood sugar was significantly 
greater than that of the normals in all cases. The mean glycogen content 
of the normal animals was in all three groups greater than that of the de- 
ficient group. This applied both to the absolute quantity in the liver and 
carcass and to the proportion per 100 gm. of liver and of carcass. The vari- 
ability of these values was large, however, and the significance of the differ- 
ence not evident, except in Group III, the scorbutic members of which 


TasBiy I 


Carbohydrate Levels of Normal and Ascorbic Acid-Deficient Guinea Pigs 6 Hours after 
Glucose Ingestion 


Glu- 
F S a fed ae kK dy rly 0 
* ani — intestinal Liver glycogen |" A Blood sugar |Body weight 
22 mals “ee tract 
ft fast 
gm me. per cent | me. percent mg. percent) cm 
I Normal 5 (2.57) 164 2) 4.44 + 0.90) 383 + 26) 744 4 496 
(426-540 ) 
17-20 days de 5 (2.57) 512 9) 3.06 + 0.52) 300 + 32) 10142 7 436 
ficient ' (374-490) 
Il | Normal 9 (2.59) 17+ 2) 2.81 + 0.27) 379+ 17) 742% 4 408 
(454-530 ) 
19-36 days de 11 2.59 102 + 31 2.12 + 0.23 333 + 26 112 + 10 433 
ficient (352-470 ) 
Ill Normal 9 |2.66) 58 + 20) 4.07 + 0.20 3624 14, 924 6 462 


(380-510) 
21-27 days de 9 2.66 166 + 41 2.66 + 0.33) 311 + 19) 162 + 20 404 
ficient (326-450 ) 


were in a more advanced and uniform stage of deficiency than were those 
of Groups I and IT. 

The absorption of sugar was reduced in the deficient guinea pigs, as was 
indicated by the larger reducing value of their gastrointestinal tracts. 
That absorption was complete in 6 hours in the case of the normal animals 
Was ascertained by allowing twelve normal guinea pigs to fast 24 hours, 
after which they were sacrificed and the reducing value of the gastroin- 
testinal tract determined. The average content was 17 mg. of glucose, 
about the same quantity found in the normal animals (Table I) 6 hours 
after glucose had been given. The difference in absorption between nor- 
mal and deficient animals was consistent and significant, but not striking 
when the difference in weight of the animals is considered. Lowered in- 
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testinal absorption has been observed in various other conditions, in adren- 
alectomized, fasting, and in thiamine-, riboflavin-, or pantothenic acid- 
deficient animals. 

These differences (Table I) in blood glucose and glycogen levels between 
normal and scorbutic guinea pigs are in agreement with those described in 
earlier reports (1-5). 

Carbohydrate Metabolism under Anoxia—The differences in carbohy- 
drate utilization between the normal guinea pigs fasting 24 hours at sea 
level and at 20,000 feet altitude were not as striking as were those found by 
Evans (23), Lewis et al. (14), and others for rats. The blood sugar level 
was significantly raised, but the liver glycogen was not significantly in- 
creased and the carcass glycogen appeared to be significantly decreased 


(Table IT). 


Tasiye Il 


Effect of Anoxic Anoxia on Carbohydrate Levels of Fasting Normal and Ascorbic Acid- 
Deficient Guinea Pigs 


Experimental group Ra ae J aoe ove F se amas Blood sugar Body weight 

msg. percent mg. perceni me. percent cm 

Normal, sea level 6 $14 +17) 307 +11) SI+ 4 169 
(370-540 

20,000 ft. (349 mm. Hg) 12 83+ 8 2574 17, 109+ 6 $4] 
(400-570 

Deficient, sea level 6 55+ 4 230+ 6) St+ 4 $28 
(370-500 } 

20,000 ft. (849 mm. Hg) 12 | 610 + 14 308 + 23 11IS+ 9 410 
(350-570 


The deficient animals also had increased blood sugar levels under the 
reduced atmospheric pressure and significantly increased liver glycogen 
and carcass glycogen. The levels of glycogen deposits attained were, 
however, in no case comparable with those seen by Lewis et al. (14) in 
normal rats and rabbits and by Wickson and Morgan (24) in rats under 
similar conditions. 

Size of Adrenals—Thirteen pairs of animals which had been pair-fed for 
19 to 27 days were used to determine the relative weights of the adrenal 
glands. The body weights of the normal guinea pigs ranged from 400 to 
510 gm. with a mean of 440 + 6 gm. and those of the deficient animals from 
372 to 442 with a mean of 418 + 2 gm. In all but two of the pairs the 
weight of the adrenal glands was greater in the deficient than in the nor- 
mal member, the mean of the former being 294 + 8 mg. and of the latter 
249 + 7 mg. The weight of the adrenals of the deficient animals was 0.71 




















p> 


Lm | 


eo -~- & 


T 











H. C. MURRAY AND A. F. MORGAN 407 


mg. per gm. of body weight and of the normal 0.57 mg. This is similar 
to the observations recorded by others (10). 

Fat Content of Livers and Carcasses—Since all the scorbutic guinea pigs 
lost weight rapidly as soon as the deficiency was established, it was of 
interest to determine whether this was due chiefly to fat or water loss. 
As is shown in Table III, total carcass lipids, determined on aliquots of 
the hydrolysates (25), were nearly the same in all the groups, deficient and 
normal, whether exposed to anoxia or not. The liver lipids similarly 
determined were increased in the anoxic groups, but again there was no 
significant difference between the normal and scorbutic animals. Sund- 
stroem and Michaels (26) found that rats exposed to low pressures de- 
veloped fatty yellow livers, a condition duplicated in these guinea pigs. 


TaB.Le III 


Liver and Carcass Lipid Content of Normal and Ascorbic Acid-Deficient Guinea Pigs 





_ " ss* sar 
No. of | Body Carca Liver 
Condition agitenaie telat 
animals |weight 5 
Weight Lipids Weight Lipids 
gm gm per cent gm. per cent 


- 
~ 


Normal, no anoxia 478 380 11.224 0.4) 16.5 | 8.020.8 


Deficient, no anoxia 4 40 | 357) | 12.241.1) 17.5 | 7.220.5 
Normal, exposed to anoxiat 12 434 361f | 12.54 0.7) 18.1 | 13.54 0.6 
Deficient, exposed to anoxiaft. 12. 416 350 | 14.34 0.9) 20.0 11.540.5 


* Body minus gastrointestinal tract and liver. 
+ 24 hours at 349 mm. of Hg. 
t Eight animals only used for carcass analysis. 


Because it has been shown (27) that scorbutic guinea pigs in these early 
stages of the deficiency remain in nitrogen equilibrium, it may be conjec- 
tured that protein catabolism is not the cause of the abrupt weight loss, 
and since there was no demonstrable change in fat content of the body 
the loss may probably be ascribed to dehydration. 

Baldwin, Longenecker, and King (10) have also found that in normal 
and ascorbic acid-deficient pair-fed guinea pigs the gross amounts of lipids 
in livers and carcasses were alike. 

Oxygen Consumption in Ascorbic Acid Deficiency—The oxygen consump- 
tion and carbon dioxide production measurements were made by Dr. Max 
Kleiber,? with his apparatus designed for metabolism work with small 
animals (28). Two sefties of tests were run, the first on animals fed ad 
hbitum, the second on pair-fed groups. The animals were fasted 15 hours 


* College of Agriculture, University of California, Davis. 
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previous to the tests, during which time they were kept in an air-condi- 
tioned room at 2 temperature of 30° with free access to water. The test 
period was 5 hours in length. Two groups of guinea pigs of seven pairs 
ach were used. The body weights were nearly the same, since the de- 
ficiency had been in effect only 15 to 30 days. The oxygen consumption 
of the normal animals corresponded to the production of 36 calories per 
day or 106 and 89 calories per kilo. The energy output of the deficient 
animals was 40 and 38 calories per day per animal or 100 and 92 per kilo. 
The respiratory quotients were the same, 0.74 to 0.78 for all groups. The 
calories per day per kilo’ were 80 + 3 and 71 + 2 for the normal groups, and 
79 + 4 and 73 + | for the deficient groups. Thus, there was no difference 
in energy output between normal and deficient animals. The conclusion 
may be drawn that the abnormality in carbohydrate metabolism observed 
in this study was not due to deranged thyroid function. This conclusion 
was borne out by the histological findings. Microscopic examination of 
sections of the thyroid of the deficient animals gave no indication of hyper- 
plasia of the epithelium or other abnormality. 


DISCUSSION 


Under the conditions of this experiment, under normal oxygen tension, 
ascorbic acid-deficient guinea pigs appeared to be somewhat less able to 
form glycogen than the pair-fed control animals. This might indicate 
excess epinephrine secretion in the deficient group, as has been suggested 
by Banerjee (29), or participation by the ascorbic acid in the process of 
glycogenesis or in the prevention of glycogenolysis. 

Under reduced oxygen tension for 24 hours the fasting normal animals 
were unable to increase their liver glvcogen and actually lost muscle glyco- 
gen. But the deficient group under these circumstances definitely in- 
creased both liver and body glycogen. This may indicate exhaustion of 
epinephrine or dampening of its effect (30, 31) in the deficient animals under 
anoxia and stimulation of glyconeogenesis through mediaticn of the adreno- 
cortical hormone (14). The normal animals apparently resisted these 
changes, possibly because ascorbic acid exerts a protective ¢flect upon the 
secretory activity of both the adrenal medulla and cortex (29). Glyco- 
genesis under sea level conditions was favored by the presence of ascorbic 
acid but glyconeogenesis under anoxia was prevented thereby. The effect 
may be direct or through changes in the activity of the adrenal secretions. 

A comparison of the fasting metabolism of normal and _ riboflavin- 
deficient rats by the same technique indicated lawered blood sugar and 
liver and body glycogen at ordinary pressure in the deficient animals and 
little increase in carbohydrate levels under anoxic anoxia (24). The nor- 
mal rats responded under anoxia with increased blood sugar and liver glyco- 
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gen. Apparently the mechanisms affecting carbohydrate utilization 
through riboflavin are different from those affected by ascorbic acid. 


SUMMARY 


Ascorbic acid-deficient guinea pigs were found to have significantly 
higher blood sugar and probably significantly lower liver and carcass glyco- 
gen than the pair-fed normal animals 6 hours after they were fed glucose 
following a 24 hour fast. The intestinal absorption of the sugar was less 
complete in the deficient animals. 

When similarly paired but fasting animals were exposed to anoxic anoxia, 
349 mm. of Hg for 24 hours, the deficient group was able to maintain or 
increase blood sugar and glycogen stores more effectively than did the nor- 
mal. Fastimg deficient guinea pigs at ordinary atmospheric pressure had 
lower carbohydrate stores than did those under anoxia, but this was not 
true of the normal animals. 

The ascorbic acid-deficient guinea pigs were found to have a significantly 
increased size of adrenals, as compared with their paired controls. 

The lipid content of livers and carcasses of the deficient animals was 
found to be nearly the same as in the normal, whether the animals had been 
subjected to anoxia or not. The sudden loss of weight in the former is 
therefore probably due to dehydration. The liver lipid values were in- 
creased in both groups after exposure to anoxia. 

Oxygen consumption was not altered by the ascorbic acid deficiency, 
and no changes were seen in the thyroids. 

The reduced glycogenesis and increased blood sugar exhibited by ascor- 
bie acid-deficient guinea pigs following glucose feeding accord with the 
theory that the adrenomedullary mechanism is hyperactive in this defi- 
ciency. The increased size of the adrenals, rapid dehydration, and gly- 
coneogenesis of the deficient animals under anoxia point to similar com- 
pensatory hyperactivity of the adrenocortical mechanism. 
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Although there are numerous reports concerning the effect of hyperventi- 
lation on several of the constituents of blood, there has not yet been a com- 
prehensive study of the changes in its electrolyte structure. In the earliest 
studies the alveolar CO. tension, the carbon dioxide absorption curve of the 
blood, and the calcium and phosphorus contents of serum were determined 
(1). The results seemed to indicate that with rapid fall of the CO, tension 
during hyperventilation the pH may rise to values between 7.7 and 7.8 
without changes of the CO. absorption curve of blood, while the calcium 
content of serum remains unchanged and the inorganic phosphorus de- 
creases. These high, indirectly determined pH values have been criticized 
by Peters and his coworkers (2) on the basis of analyses on the blood of the 
antecubital vein of one subject, which showed a pH value of only 7.59 
during hyperventilation. These observers also determined the chloride and 
the protein contents of serum. They found a decrease in both the chloride 
and the total determined value of anions, an unexpected result in view of the 
expected reciprocal changes in bicarbonate and chloride, and suggested that 
lactic acid accumulation caused by muscular spasm was responsible for 
their findings. Another contribution to this problem was made by Goll- 
witzer-Meier and Meyer (3), who determined in the arterial blood of three 
subjects the CO, content and combining power, and in their serum the con- 
ductivity, sodium, calcium, and chloride. With decreases in the CQ, 
tension they found diminutions in the CO, content up to 7.5 milliequivalents 
per liter, and they calculated increases in pH values as high as 7.63, while 
the CO, combining power remained unchanged. The conductivity de- 
creased on the average by 1.1 per cent, while the calcium did not change. 
The serum sodium and chloride varied erratically in their experiments. 
In a later extensive study on capillary blood Shock and Hastings (4) de- 
termined the serum pH and CO, content. They found that the CO, tension 
decreased rapidly during the first 3 minutes of hyperventilation and some- 
what more slowly thereafter. It reached an average minimum value of 
14 mm. of mercury after 20 minutes, with a corresponding peak value of 
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7.7 for the pH. After the hyperventilation was discontinued, the values 
returned to normal at a very rapid rate during the first 2 minutes and at a 
decreasing rate subsequently, complete recovery requiring 15 to 25 minutes. 
The bicarbonate content decreased during hyperventilation at a rate of 0.2 
to 0.7 milliequivalent per liter per minute, the maximum decrease varying 
from 4 to 7 milliequivalents. In the early stages of overbreathing the dis- 
placement of the acid-base balance proceeded along the path of the CO, 
ubsorption curve of blood, while after longer periods there was evidence of 
xecumulation of fixed acid. 

The most recent study, concerned with the changes in arterial and in- 
ternal jugular blood during brief periods of hyperventilation, was carried 
out on three subjects by Nims and his coworkers (5). They found that the 
arterial pH increased rapidly during the first 2 minutes at a rate of 0.1 unit 
per minute to values as high as 7.67 at the end of 5 minutes, while the 
changes in the venous blood were of smaller magnitude and proceeded at a 
slower rate, so that the arterial-venous difference increased during hyper- 
ventilation. The CO, content decreased markedly in the arterial blood, 
but to a small extent only in the jugular blood. The arterial lactic acid 
increased by 0.2 to 0.5 milliequivalent per liter during, the 5 to 6 minute 
periods of hyperventilation, while the corresponding change in venous blood 
was 0.3 to 0.6 milliequivalent. 

The effect of pH on the distribution of the electrolytes in blood has been 
studied by several observers in vitro in connection with tests of the validity 
of the Donnan theory concerning the water and electrolyte equilibria on two 
sides of a semipermeable membrane. The pioneering study which embodies 
the most comprehensive theoretical treatment of the problem was carried 
out by Van Slyke, Wu, and McLean (6). They found that the distribution 
of electrolytes in blood cells and serum followed in a general way Donnan’s 
theory. Later studies, while providing several corrections in the numerical 
values of their estimates, havé tended to support the main thesis (7, 8). 
It appeared to us of particular interest to study voluntary hyperventilation 
with a view to testing the effect of pH changes on the distribution of 
electrolytes in vivo, because of the great variations expected, the rapidity 
of the effects, and their reversibility. Under such conditions the changes 
in electrolyte distribution should be primarily dependent upon variations 
in the ionic equivalency of hemoglobin, in contrast to the results of a pre- 
vious study on the electrolyte distribution during pyloric obstruction, where 
changes in the organic phosphates predominated (7). 

That the chemical effect of hyperventilation is not limited to changes in 
the electrolyte distribution is indicated by the finding that the inorganic P 
of plasma decreases, and ketonuria occurs. The physiologic changes are 
not confined to the occurrence of tetany, but also include changes in con- 
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sciousness, Which are associated with variations from the normal in the 
electroencephalogram (9). Since such effects may well be associated with 
changes in the electrolytes, it was decided to include in this study the 
determination of the inorganic P and potassium content of the serum. The 
interrelation between the pattern of the electroencephalogram and the 
changes in the electrolyte structure of the blood will be discussed elsewhere. 


EXPERIMENTAL 


Seven normal men served as experimental subjects. The subject came to 
the laboratory, without breakfast, at 8 a.m., undressed, and stretched out on 
abed. Half an hour later a needle fitted with an obturator was placed in the 
femoral artery under local anesthesia. Because of the painful stimulus of 
the procedure and the anxiety of the subject involuntary overbreathing 
occurred on several occasions. After an interval of several minutes, to 
permit restoration of the basal condition of the subject, sampling was begun. 
The blood was collected by means of a tight fitting syringe containing paraf- 
fin oil. The physiologic effects of the overbreathing, as described by 
previous observers, included flushing of the face, numbness and tingling of 
the face and extremities, decreased level of consciousness, and occasionally 
tetany with carpopedal spasms. Electroencephalograms were obtained 
on the majority of the subjects. 

Four to six blood samples were withdrawn from each of the subjects, one 
or two before the period of hyperventilation started, two during the period 
of overbreathing approximately 3 and 6 minutes after the start, and one or 
two more 3 and 6 minutes after cessation of the overbreathing. For control 
purposes five samples of blood were drawn from one of the subjects at rest 
under conditions otherwise simulating an actual experiment. In all, sixteen 
samples of blood were obtained before, fourteen during, and eleven after 
the periods of hyperventilation. 

The blood samples were distributed as follows: one portion, fr the deter- 
mination of oxygen content and of the CQ, in the whole blood, was delivered 
over mercury into a vessel containing 0.1 cc. of a 30 per cent solution of 
potassium oxalate; another portion, for the various analyses to be performed 
on serum, was transferred under paraffin oil t@a centrifuge tube; and a 
third portion, for the whole blood analyses which did not require protection 
from exposure to air, was put into a vial containing dried heparin. The 
following constituents were determined in the whole blood: dextrose, oxygen 
and CO, content, chloride, hemoglobin, and the volume of packed cells. 
The measurements on the serum included the determination of pH, CO, 
content, chloride, sodium, and inorganic P on all of the subjects, and of 
potassium and calcium on four of them. From the data on pH and CO, 
content the CO. tension was calculated by means of the Henderson-Hassel- 
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balch formula. The cellular concentrations of CO. and chloride were 
calculated, by means of the cell volume, from values determined on whole 
blood and serum. The hemoglobin concentration in the cells was computed 
by dividing the whole blood value by the relative cell volume. The methods 
used have been described previously (7, 10). 

The concentration of HeCQOs in the cells was calculated by the use of the 
solubility coefficient of carbonic acid given by Van Slyke e/ al. (11) under the 
assumption that the CO, tension was the same per liter of water in cells and 
serum. The cell pH was computed by means of the Henderson-Hasselbaleh 
equation with the pK! value of 6.04, as determined by Dill for human 
oxygenated blood (12). The anion equivalency of the hemoglobin at 
various pH values was calculated according to the equation 


dBHb 
dpH 


expressing the buffering power of oxyhemoglobin which is based on the 
data of Adair (13) and Maizels and Paterson (14) under the assump- 
tion of an isoionic point of 6.65 at 38°. While the precision of the 
value of the isoionic point is in doubt, the change with pH in the range en- 
countered appears well established. 


Results 


In Table | are listed the individual data on the composition of the serum 
and the whole blood of seven subjects before, during, and after overbreath- 
ing. Included is a control series of observations on one of the subjects 
from whom five samples of blood were obtained at rest after intervals of 
time similar to those of experimental conditions. 

In Table II are presented the mean values and their standard errors for 
the samples taken before and during the periods of hyperventilation. Since 
the values for the two samples of blood, drawn after 3 and 6 minutes of 
hyperventilation, respectively, did not differ significantly, except for the 
pH and the CO, tension, they were combined for the calculation of the 
mean values. In Table LI are also given the average calculated values 
for the pH and the ionic efivalency of the hemoglobin in the cells. Mean 
values for the hemoglobin concentration in the whole blood and for the 
volume of packed cells are not given, since these indices differed more 
among the subjects than they varied during the experiment for any 
given individual. 

In the first two rows of Table III are tabulated the means of the indi- 
vidual differences, between the control values on the one hand and the 
hyperventilation samples on the other, and the estimates of the statistical 
significance of these differences. In the lower two rows are listed the 
similarly calculated differences between the control samples and those taken 
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3 minutes after cessation of the overbreathing. In Table III are inclided 
the data on the changes of the volume of packed cells and of the cellular 
concentration of hemoglobin. 

The data in Tables I to III may be briefly summarized as follows: 

Serum Changes—The pH of the serum, averaging 7.47 in the control 
periods, rose to a mean value of 7.68 after 2to 3 minutes of overbreathing 
and reached a value of 7.73 after periods of 5 to 6 minutes. It quickly fell 
toa value of 7.59 6 minutes after overbreathing was stopped. The pH 
value for the control samples appears somewhat high, probably reflecting 
apprehension and involuntary overbreathing of the experimental subjects. 

The CO, content, averaging 26.5 milliequivalents per liter for the control 
samples, fell to a value of 20.5 milliequivalents per liter after 3 minutes of 
overbreathing, to remain unchanged after the longer periods. After 3 
minutes recovery the values were still lower by about 1.5 milliequivalents 
per liter than at the outset. The bicarbonate concentration, 25.2 mil- 
liequivalents per liter in the beginning, fell to 19.9 milliequivalents per liter 
during hyperventilation. 

The CO, tension, 36.4 mm. of Hg in the control samples, fell to 16.8 mm. 
after 3, and to 15.0 mm. after 6 minutes of overbreathing. It rose slowly 
during recovery, the values 3 minutes after stopping of the overbreathing 
being 10 mm. of Hg below the control level. The CO, tension in the con- 
trol samples is somewhat lower than accepted normal values, a finding that, 
like the pH values, may reflect a certain degree of involuntary overbreath- 
ing of the subjects. 

The serum chloride concentration, 106.3 milliequivalents per liter in the 
control samples, rose during the period of overbreathing to a value of 
109.2, to return rapidly to the control values during recovery. 

The serum sodium concentration, 137.5 milliequivalents per liter at the 
outset, fell to a value of 134.2 milliequivalents per liter during the period of 
hyperventilation and returned promptly to normal after cessation of the 
overbreathing. 

The potassium concentration, averaging 4.3 milliequivalents per liter at 
the start, rose to 4.8 milliequivalents per liter during hyperventilation. It 
decreased promptly to the control level during recovery. This increase 
may possibly be due to a release of adrenalin, which is known (15) to cause a 
transient increase in the arterial potassium concentration. 

The calcium concentration, not listed in Tables I to III, did not change 
significantly during the experiments from a value of 10.4 mg. per 100 cc., 
whether or not there were symptoms of tetany. This result is in keeping 
with prior reports (1). 

The inorganic P fell in each experiment after 3 minutes of hyperventila- 
tion and decreased further after 6 minutes. It stayed at low levels 3 and 
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6 minutes after the overbreathing stopped. Such a fall of the inorganic P 
concentration was first described by Davies et al. (1). It is a matter of 
conjecture whether this change represents an effect of alkalosis per se or 
whether it is associated with changes in the carbohydrate metabolism, 
perhaps in response to the release of adrenalin. The continued fall in the 
concentration beyond the period of hyperventilation would favor the latter 
hypothesis. 

Tonic Equilibrium in Red Cells—The cell pH, 7.17, in the control samples, 
increased to 7.34 during hyperventilation. 

The CQ, content of the cells decreased from 13.5 to 8.6 milliequivalents 
per liter during hyperventilation, while the bicarbonate fell from 12.6 to 
8.2 milliequivalents per liter. During recovery the increases followed a 
pattern similar to that observed in serum. 

The cell chloride, 52.0 milliequivalents per liter in the beginning, dimin- 
ished to 45.0 during overbreathing, returning rapidly to normal with its 
cessation. ‘ 

The hemoglobin concentration in the cells during hyperventilation in- 
creased slightly, from about 33 gm. to 34 gm. per 100 cc. This change 
corresponded in extent to the decrease in the volume of the packed cells. 
The ionic equivalency of the hemoglobin in the cells increased with the rise 
of the cell pH by 10.1 milliequivalents per liter. 

Changes in Whole Blood—The CO, content of the whole blood decreased 
by about 5.5 milliequivalents per liter during hyperventilation. 

The chloride remained almost unchanged during the experiments. This 
may indicate that no important movement of this ion occurred to and from 
the blood stream. A decrease of 0.7 milliequivalent per liter during hy- 
perventilation, statistically barely significant, may reflect diffusion to a 
small extent of the chloride from the plasma into the extracellular fluid. 

The volume of packed cells decreased with regularity during over- 
breathing, the change averaging 0.7 per cent. It returned quickly to 
control values dwring recovery. 

The hemoglobin concentration in the whole blood remained unchanged 
during the experiments. This circumstance, in conjunction with the 
decrease in the volume of the cells, means an increase in its cellular 
concentration. 

In Table IV is presented a balance of the changes in the ionic composi- 
tion of serum and cells, based on the data in Tables I to III. It can be seen 
that in the serum the concentrations of both the anions and cations de- 
creased, their changes balancing each other closely, so that a reduction in 
the total electrolyte concentration resulted. It is noteworthy that the fall 
in the bicarbonate content was in part accounted for by an increase in the 
chloride and in part by a decrease in the sodium ions. The omission of lac- 
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tate, which had not been determined, does not appear to have introduced 
an appreciable error, probably owing to the shortness of the periods of over- 
breathing and to the fact that the analyses were performed on arterial 
blood. The changes in the serum are in keeping with the predictions of 
the Donnan theory, according to which they are explained on the basis of a 
shift of water from the cells to the serum. 


TaBLe IV 
Changes in Ionic Balance of Serum and Cells during Hyperventilation 


The differences are given in milliequivalents per liter. 


Serum Cells 
HCO,’ —5.3 —4.4 
Cl’ +2.9 —7.0 
PO,’ + PO,” -0.4 
Organic phosphate* +1.7 
Proteint , +0.7 +10. 1 
Net change of anions —2.1 +0.4 
Na’ —3.3 
kK’ +0.5 
Net change of cations —2.8 +2.0f 


' 


* The change in the ionic equivalency of the organic acid-soluble phosphates was 
calculated on the basis of an assumed concentration of 50 mg. per 100 cc. of cells. 
This would correspond to a value of 35 milliequivalents per liter for the ionic equiva- 
lency of the organic phosphates in the control samples. During hyperventilation 
the ionic equivalency would increase by about 1.7 per cent, owing to the decreased 
water content of the cells, and by a further 3 per cent, owing to the increase in the 


cellular pH. 

t The change in the serum protein equivalency was calculated on the assumption 
of a serum concentration of 7 gm. per 100 ec. by the formula of Van Slyke et al. (16), 
on the basis of a dilution of the serum compartment of the blood by 1.8 per cent. 

t The change in cations was calculated on the assumption of a decrease in the cell 
water by 1.8 per cent and of the non-diffusibility of the intracellular cations. 


In the cells a decrease in the diffusible ions, chloride and bicarbonate, was 
closely balanced by an increase in the non-diffusible ions, primarily hemo- 
globin, while the change in the organic phosphates, estimated on the basis 
of customarily observed normal values, accounted for a small proportion 
only. The value listed in Table IV for the change in the cellular concentra- 
tion of the cations is based on the assumption that the decreased electrolyte 
concentration in the serum was due to a transfer of water from the cells. 
Therefore, a corresponding increase in the cellular concentration of the 
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cations Was assumed. The changes in cellular cations and anions do not 
balance each other as evenly as they do in the serum; however, it is doubtful 
that the apparently greater change in the cations than in the anions is of 
significance, in view of the numerous sources of error involved in the deter- 
minations and assumptions. Perhaps changes in other cellular anions, 
such as glutathione, which have not been taken into account, may in part 
even the two sides of the ledger of the ionic balance. 

In Table V the assumption of a water shift between cells and serum, which 
has been adduced in explanation of the changes in the ionic structure, is 
subjected to a quantitative comparison with the corollaries of the Donnan 
theory. In the first two rows the changes in water content of the serum 
calculated on the basis of the observed changes in the concentration of the 
cations are compared with the theoretical water shifts calculated according 
to the formulation of the Donnan theory presented by Van Slyke, Wu, and 
McLean (6). The details of the calculations and premises involved in the 
calculation of the theoretical values are presented in the foot-note to Table 
\. Another independent test of the theory, provided by the comparison 
of the observed with the calculated mean change in the volume of packed 
cells, is listed in the next two rows. <A third independent test is afforded 
by the comparison between the observed and the calculated changes in the 
cellular hemoglobin concentration. Considering the uncertainties and 
errors involved in the calculations and determinations, the agreement 
between theory and observation can be considered satisfactory. 

In Table VI are tabulated the observed distribution ratios for the diffus- 
ible ions, and theoretical ratios calculated from the non-diffusible ions by 
means of Equation 10 of Van Slyke et al. (6) on the basis of the premises and 
estimates adopted for the preceding calculations. Two sets of values are 
listed for the theoretical ratios, one based only on the consideration of hemo- 
globin and the organic phosphates, and the other including an estimate of 
the effect of glutathione. It can be seen that the observed ratios before and 
during hyperventilation were about the same for chloride and for the bicar- 
bonate, uncorrected for carbamate, while the hydrogen ion ratios were 
considerably lower. Correction of the bicarbonate ratio for carbamate in 
the cells brings its value to a point midway between the chloride and the 
hydrogen ratios. The theoretical ratio derived from the non-diffusible 
ions, particularly when glutathione was considered, approximated in its 
value the chloride ratio. The changes of all ionic ratios during hyperventi- 
lation were in close agreement. 

It is of interest to compare these results with those of Dill et al. (8), which 
were based on in vitro equilibration of human venous blood. Agreement at 
both points of comparison, before and during hyperventilation, is very close 
for the distribution of chlorides and moderately good for the hydrogen ions, 
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while the bicarbonate ratios here reported are lower by about 0.09 for the 
control and by about 0.08 for the hyperventilation samples. This dis- : 


TABLE V 
Changes in Water Distribution, Cell Volume, and Cellular Hemoglobin Concentration 
during Hyperventilation 


per cent 

Change in water content of serum Calculated" -1.7 
** total ionie concentration Observed -1.7 

‘* volume of packed cells Calculatedt 0.8 

“ “ “ 7 Observed —().7 

** cellular hemoglobin concentration Calculated +1.7 

a ™ . - Observed +2.8 


* The theoretical changes in the water content of the serum were calculated by 
means of Equation 23 of Van Slyke, Wu, and McLean (6) in which the parentheses 


2(B), — (BP), 
(H.O) = (H 0), x 
2(B), — (BP), — (BP). + (Pie 


denote units of substance per unit of whole blood and the subscripts, s, c, 4, indicate 
serum, cells, and whole blood, respectively. The following assumptions and substi 
tutions were used in applying this equation: It was postulated that all factors except 
for (BP), remained constant during hyperventilation. A numerical value of 0.84 
gm. per ec. was assigned to (H,O),, based on the assumed values of 0.72 gm. of water 
per ec. of cells, and of 0.94 gm. per ec. of serum and on the observed mean value for 
the cell fraction of 0.444 ec. per ec. of whole blood. To (B), was given the value of 
138 milliequivalents per liter, the mean normal observed in this laboratory. For 
(BP), the value of 9.5 was taken on the basis of the assumptions given in Table IV. 
(BP). was calculated as the sum of the ionic equivalencies of hemoglobin and of the 
cell organic phosphates. For the hemoglobin, the values for ionic equivalency given 
in Table II, multiplied by the relative volume of the packed cells, were taken. For the 
ionic equivalency of the organic phosphates a constant value of 14 milliequi valents 
per liter of blood was adopted, based on an assumed concentration of 50 mg. of organic 
acid-soluble P per 100 cc. of cells, and on the determined titration curves of diphos- 
phoglyceric acid and adenosine triphosphate (7). For (P). a value of 9, the sum of 
the osmolar concentrations of hemoglobin, 5, and organic phosphates in whole blood, 
t,wastaken. While the precision of the various assumptions and with it the absolute 
values of (H.,O), are subject to considerable doubt, this is of small importance in 
assessing the effect of pH on the water shift between cells and serum, since the only 
variable of major importance is the ionic equivalency of hemoglobin. That the 
various assumptions are approximately correct is indicated by the fact that the abso- 
lute value of (H.O), ealeulated by the above formula is 0.53 gm. per ec. of whole 
blood, compared with the initially assumed value of 0.52 gm. per cc. 

+ The changes in volume of packed cells were calculated by the above formula, 
with the hematocrit value of 44.4 per cent for the control samples. 


crepancy is not easily explained by the differences in experimental ar- 
rangement. 
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Among the ‘“‘observed”’ ratios, the value for the chloride generally appears 
the most reliable, since no assumptions or auxiliary data are required for its 
determination. The variability of pK’ with changing pH, oxygenation, 
and perhaps other factors affects considerably the precision of both the hy- 
drogen and bicarbonate ratios. Further uncertainty is introduced in the 
case of the latter by correction for the cellular carbamate, while the possibil- 
ity of other forms of bound CO, cannot be ruled out entirely. Therefore, it 


TaBLe VI 
Observed Distribution Ratios of Diffusible Tons and Theoretical Ratios Calculate d from 
Von-Diffusible Tons, before and during Hyperventilation 


Observed ratios Theoretical ratios* 
H) ic] HCOsle | [HCOs|et | Uncor- | Corrected 
= aT ——— | eee | fected for for 
(H), [Cl}s {HCOs|s | [HCOs}s GSH GSH! 
Control 0.51 0.64 0.65 0.56 0.69 0.66 
Iyperventilation 0.43 0.56 0.56 0.48 0.62 0.5S 
Change -0.08 0.08 \—0.09 -0.08 -0.07 —0.08 


*The theoretical ratio was calculated according to Equation 10 of Van Slyke, 
Wu. and MeLean (6) in which ¢ denotes the calculated distribution ratio, and the 


[BP]. + (Pd — (BP), 
2((B, ba [BP},) 


r= 


brackets indicate concentrations per kilo of water. The following substitutions 
and assumptions were made. The water content of serum during the control periods 
was assumed to be 0.94 gm. per ec., and 1.7 per cent more, 0.955 gm. per cc., during 
hyperventilation. The respective values for the water content of the blood cells 
were assumed to be 0.720 and 0.708 gm. per cc. The bracketed expressions were 
calculated by means of these values on the basis of the same data and assumptions 
discussed in the foot-note to Table V. 

t Corrected for 14 per cent carbamate (17). 

t In this calculation the presence of glutathione in the erythrocytes was taken 
into account. Its concentration was assumed to be 5 mo per kilo of cell water (18, 
19), and its ionic equivalency 1.1 milliequivalents of NaOH per mm. 
would appear that the close correspondence found between the theoretical 
distribution coefficient and the chloride ratio is of particular significance. 
Dill and his coworkers (8) also found the closest agreement between these 
two ratios. This is of further interest, since they derived their value for the 
non-diffusible ions on the basis of the titration of total cellular contents of 
human erythrocytes, rather than on the basis of values for individual com- 
pounds in a synthetic manner, as reported here. Each of the two methods 
has its drawbacks; while the determination of the total buffering power of 
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erythrocytes is independent of any particular knowledge or assumption with 
regard to the chemical constituents involved, the technique involved does 
not entirely prevent enzymatic breakdown of organic phosphates. The 
agreement of the theoretical distribution coefficients based on these two 
different sets of data would appear to indicate that the errors of either tech- 
nique are not of major importance. 

In this connection the work of Maizels and his coworkers, who investi- 
gated the importance of the non-diffusible anions other than hemoglobin in 
the base-binding property of erythrocytes in normal and anemic human 
subjects, is pertinent (14, 19). Their estimates of the ionic equivalencies 
for hemoglobin, organic phosphates, and glutathione are in close agreement 
with those presented here. However, they came to the conclusion that part 
of the organic phosphate must be in non-ionized form, since the sum of the 
anions appeared to exceed that of the cations in the erythrocytes. This 
conclusion hinges on the value for total cell base, 110 milliequivalents per 
liter of cells, adopted by them. From this value one would calculate a con- 
centration of 152 milliequivalents of base per kilo of cell water, on the basis 
of an estimate of 720 gm. of water per liter of cells. This is lower by about 
10 milliequivalents than the corresponding value of base in serum water. 
Such a finding is contrary to the postulates of the Donnan theory as well as 
to the findings of Maizels himself (20) and others. In our laboratory a total 
base concentration of 120 milliequivalents per liter of erythrocytes has been 
found consistently, corresponding to a value of 168 milliequivalents per kilo 
of cell water. If this value, which is in agreement with the Donnan theory, 
is applied to the data of Maizels and correction is made for carbamate, the 
quota of available cations is increased sufficiently to permit the assumption 
of full ionization of the organic phosphates in the cells in their experiments. 
The reason for the discrepancies in the values of the cell total base lies un- 
doubtedly in differences in the analytical methods employed, a critical 
discussion of which would lead too far afield in this paper. 

It is of interest to compare the changes in the electrolyte structure of the 
blood in hyperventilation with those found in dogs with pyloric obstruction. 
In the present experiments among the non-diffusible cellular anions changes 
in the equivalency of hemoglobin predominated, while in pyloric obstruction 
the increase in the diphosphoglyceric acid was of much greater importance. 
In the two conditions, the diffusible anions also are shifted in opposite direc- 
tions. The agreement with the Donnan theory in both experimental states, 
characterized by widely differing electrolyte patterns, supports strongly the 
general applicability of the Donnan theory for the blood. 


DISCUSSION 


Recognition of differences in the pattern of change between arteries, 
capillaries, and veins may furnish the explanation of the discrepancies in 
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the literature concerning the rate of change and extent of elevation of serum 
pH during hyperventilation. The estimates of pH reported by Davies et al. 
(1) on the basis of analyses of alveolar air are in the same range as the 
directly determined values on arterial blood reported here and similar to 
those reported by Nims ef al. (5). Analyses of venous blood have given the 
lowest estimates (2, 5) while intermediate values of pH have been reported 
on capillary blood (4). So far as the rate of change is concerned, if linearity 
is assumed, the pH in the present experiments increased by 0.06 to 0.09, 
average 0.07, unit per minute during the first 3 minutes of hyperventilation, 
and changed much more slowly thereafter at a rate of less than 0.02 unit per 
minute. Even faster initial rates were reported by Nims et al. (5). This 
initial rate is about double that recorded by Shock and Hastings (4) for 
capillary blood. According to Nims et al. (5) and unpublished experiments 
in this laboratory, the changes in jugular venous blood proceed at rates 
varving from 0.02 to 0.05 unit per minute. Such diversity in pattern may 
be reasonably explained on the basis of differences between the several parts 
of the vascular system in their relation to the lungs and the tissues. The 
most rapid displacement of pH would be expected in arterial blood, which is 
in equilibrium with the alveolar air, and is carried in thick walled vessels, 
which permit diffusion and exchange with the body tissues to a minor degree 
only. The slowest change in the ionic balance of the blood would occur 
in the venous blood flowing from the tissues. This change would reflect 
variations in the total buffering capacity of the tissues. Intermediary rates 
of shift might be expected in capillary blood. 

The relative impermeability of the wall of the arteries to movements of 
water and electrolytes may also be adduced in explanation of the close 
agreement between the in vivo changes reported here and postulates of the 
Donnan theory which are predicated on the premise of constancy of compo- 
sition of the blood. This premise would appear to be supported by the find- 
ing of unchanged concentrations of chloride and hemoglobin in the whole 
blood. As a consequence it would follow that the electrolyte shifts ob- 
served in arterial plasma are not representative of similar changes in the 
extracellular fluid. This concept is made even more plausible if one ex- 
amines the opposite assumption ; namely, that the changes in arterial plasma 
are paralleled by similar variations in the extracellular fluid. If such were 
the case, the increase in chloride and decrease in sodium would not be con- 
fined to plasma alone, but would occur in 30 per cent of the body fluid. 
Then two problems would arise: what is the origin of the chloride incre- 
ment and what is the destination of the disappearing sodium? The as- 
sumption of a general shift of water between the intra- and extracellular 
phases of the body fluid would serve to explain the decrease in the sodium 
content, but would emphasize the discrepancy with respect to the chloride, 
and would require the additional assumption of the existence of tissue chlo- 
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ride stores, which would be mobilized during hyperventilation. With 
respect to the supposition of a water shift from tissues to extracellular fluid, 
the data available at present (21) suggest that the cellular fluid of muscle 
increases in volume during periods of prolonged hyperventilation, in 
contrast to the findings in blood. 

It would appear from the observations of others, as well as ours, that 
tetany, the most frequently described symptom, usually makes its appear- 
ance after prolonged periods of hyperventilation, although it may occur 
occasionally as soon as 1.5 minutes after overbreathing begins. On the 
other hand the changes in the electroencephalogram usually begin at once 
and progress to a maximum within 1.5 to 2.5 minutes of hyperventilation. 
The type and degree of deviation of the electroencephalogram are greatly 
influenced by the blood sugar level (9), which does not change in a uniform 
manner during hyperventilation. It would appear, therefore, that the only 
consistent change in the electrolyte structure of arterial blood associated 
with the effect of overbreathing on the electroencephalogram is the rapid 
decrease in the CO, tension associated with an increase in pH. 


SUMMARY 

The effects of voluntary hyperventilation for periods of 2 to 3 and of 5 to 6 
minutes on the electrolyte structure of arterial blood were studied on seven 
subjects. 

1. In the serum the CO, tension decreased to a mean value of 15.8 mm. of 
Hg, while the serum pH rose to 7.71. The CO, content decreased from 26.3 
to 20.5 milliequivalents per liter. The chloride rose from 106.3 to 109.2 
milliequivalents, while the sodium decreased from 137.5 to 134.2 milli- 
equivalents per liter. The calcium content did not change, while the potas- 
sium increased from 4.3 to 4.8 milliequivalents per liter and the inorganic P 
fell by 0.6 mg. per 100 ec. 

2. In the red blood cells, the chloride decreased from 52.0 to 45.0 milli- 
equivalents per liter and the total CO, from 13.5 to 8.6 milliequivalents per 
liter, while the calculated ionic equivalency of hemoglobin increased by 
10.1 milliequivalents per liter. The cellular hemoglobin concentration 


increased by 2.8 per cent. 

3. In the whole blood the CO, content decreased by about 5.5 milliequiva- 
lents per liter, while the chloride concentration changed little. The 
volume of packed cells decreased from 44.4 to 43.7 per cent. 

4. The changes in the ionic distribution in serum and cells balanced each 
other closely. The data indicate that the electrolyte content of serum 
decreased by about 1.7 per cent during hyperventilation, a finding explicable 
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according to the Donnan theory by a shift of water from the red cells into 
the serum. 

5. An examination of the data in the light of the Donnan theory indicates 
close agreement between calculated and observed water and electrolyte 
shifts, and in the ionic distribution ratios. 


The authors wish to express their appreciation to Mrs. E. W. Brown 
for the statistical analysis of the data and to Mrs. Robert Schutte, Miss 
Ann Hobson, and Miss M. Wing for technical assistance. 
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NORMAL HUMAN BLOOD* 
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University School of Medicine, New Haven 


(Received for publication, February 12, 1946) 


The distribution of bases between cells and serum of normal human 
blood has been studied by this laboratory over a long period of time (1, 2). 
Since the accuracy of the results is dependent upon the precision of the 
methods employed, extensive investigation of the methods for determining 
sodium and potassium has been included (3, 4). Since the last two publi- 
cations, Consolazio and Dill (5) have reported that our method for the 
analysis of gerum yields low values for sodium. During an exhaustive 
investigation we have been unable to verify this. However, it was dis- 
covered that in the determination of whole blood potassium a systematic 
loss had occurred in all of our previous work. A review of this investigation 
is here presented with the new values for the distribution of base between 
_ blood cells and serum obtained with the improved potassium technique. 


Sodium Method 


Consolazio and Dill reported that even in inorganic salt mixtures sodium 
is occluded in the neutral ferric phosphate precipitate. This trapped so- 
dium they appeared to recover from the precipitate. Furthermore, they 
failed to recover added phosphate after dry ashing and concluded that 
all but 1 to 7 percent of phosphate was lost by volatilization in the process 
of ashing. 

By the use of radioactive sodium it has been possible to examine this 

{ problem by a procedure that is entirely independent of any possible errors 
that may reside in the chemical techniques. The radioactive sodium salts 
were prepared in the cyclotron of the Department of Physics, Yale Uni- 
versity.!. Samples of this salt were subjected to the usual procedure for 
ashing serum. Phosphate and iron sulfate were added in the appropriate 
concentrations. The resulting neutral ferric phosphate precipitates were 
| exposed to a Geiger-Miiller counter. The results of these analyses appear 


* Aided by a grant from the Fluid Research Fund of Yale University School of 
Medicine. 

! The author wishes to express her appreciation of the aid given by Dr. R. F. Hum- 
phreys and Dr. FE. C. Pollard of the Department of Physies, who were responsible for 
the preparation of the radioactive samples, and to Dr. Alexander W. Winkler and 
Dr. Paul K. Smith, who performed the counts of radioactivity. 
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in Table I. The quantity of sodium found in the precipitate did not exceed 
0.5 to 1.2 per cent of the total amount in the original solution. There are 
no significant differences that can be related to the composition of the 
vessels in which ashing was carried out. 

In order to recover the sodium ‘“‘trapped” in the neutral iron phosphate 
precipitate, Consolazio and Dill (5) treated it by washing, dissolving in 
acid, and subsequently alkalizing with ammonia. Apparently it was 
assumed that phosphate was removed by this treatment. We have been 
unable to remove phosphorus by this procedure. Stadie and Ross (6) 
and Wright and Allison (7) recommend that in order to remove phosphate 
the iron salt must be added after the pH has been carefully adjusted to the 
neutral point. Subsequent addition of ammonia precipitates iron phos- 
phate; further addition removes the remaining hydroxide. When an acid 
solution which contains phosphorus and: iron is made alkaline with am- 


TABLE | 
Recovery of Radioactive Na®* from Neutral Ferric Phosphate Precipitate Dbtained after 
Ashing Radioactive Sodium Chloride in Presence of Phosphate 
and Iron and H.SO, 


Results are expressed in per cent of count of original sample. 


Experiment No. Ashed in platinum Ashed in porcelain Ashed in Vycor 
I 0.5* 
II 1.2° Sw 0.9* 
II! 0.8 1.0 
0.5 0.9 


* The count, which was made on a solution of pooled precipitates, is expressed as 
the average count per single precipitate. 


monia, the phosphate and iron are not completely removed. When the 
supernatant fluid from a solution which has been so treated is ashed, the 
yellow color of iron phosphate can be seen when the hot ash is removed from 
the muffle furnace. Upon cooling, the salt again appears white. There- 
fore, the presence of the iron phosphate easily escapes detection. The 
removal of phosphate by alkalizing an acid solution containing both 
iron and phosphorus is not feasible. It was, we believe, not occluded so- 
dium, but residual phosphate which Consolazio and Dill recovered from the 
ferric phosphate precipitates. 

It has been demonstrated that in the ashing process little or no phos- 
phorus is lost. From inorganic solutions recoveries were complete, from 
serum more than 90 per cent. The low recoveries, 6 to 50 per cent re- 
ported by Consolazio and Dill (5), may not have been, as they suggested, 
evidence that most of the phosphate had been volatilized, but only the 
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failure to hydrolyze to the orthophosphate the phosphorus which had been 
converted to metaphosphate in the ashing process. 

As the result of this renewed investigation we have found no basis for 
doubting the accuracy of the method used by us for the measurement of 
sodium in serum of whole blood. Occluded sodium in the ferric phosphate 
precipitate, as demonstrated by the radioactive salt, does not exceed | per 
cent, which is within the error of the method. 


TaBLe II 
Loss of Potassium by Occlusion in Ash Not Extracted with Acid 


. . “d by . . 
—- =e } by Ppt. extracted with HCl! 
P 


sriment No ; K occluded 
a : Ashed in Ashed in <ases sta 


\ . ’ | - 
Porcelain | Platinum Porcelain Platinum 
' 


K recovered from whole blood 


m.eq m.¢q. m.eq. m.eq m.eqg 
I 36.4 37.6 47 .0* 9.4 
2 35.6 12.0 7.4 
3 33.8 40.0 6.2 
H 22.2 28 .2 27.0 4.8 
5 29.6 41.0 11.4 
6 410.8 50.6 9S 
7 43.5 14.5 

Ix recovered from known solution, 43.0 m.eq. 
Ss 36.8 14.0 7.2 
9 12.5 12.0 0.5 
10 42.8 13.7 0.9 


* Wet ashed in glass. 


Potassium Method 


There is, therefore, no evidence that sodium is occluded in the iron 
phosphate precipitated in the analysis of either serum or whole blood by the 
dry ashing technique. On the other hand, it has been found that as much 
as 15 to 20 per cent of the potassium from whole blood may be carried down 
in this precipitate. This loss does not depend upon the composition of the 
vessels in which the process of ashing is conducted. 

This loss was not detected earlier for two reasons. (1) In repeated 
analyses of known inorganic solutions of the approximate composition of 
whole blood, potassium had been recovered completely. In ‘Table IL it 
may be seen that recovery was satisfactory in two out of three analyses of 
such solutions. (2) Measurements of potassium by the present method 
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agreed with measurements obtained by a wet ashing procedure in which 
phosphate was removed by the technique of Stadie and Ross (6). This is 
no doubt due to the fact that the two methods are subject to the same 
error. 

During the digestion with H.SO, and HNO; a precipitate appears which 
can be dissolved only with great difficulty. This precipitate, a phosphate 
of iron, is removed with the phosphate and iron precipitated by the sub- 
sequent addition of ammonia. To dissolve it a high concentration of acid 
is required. When the solution is subsequently neutralized with ammonia, 
a large quantity of iron phosphate is not precipitated, but remains in the 
supernatant fluid. When a portion of the latter is added to uranyl-zine 
acetate solution, it yields falsely high values for sodium. Since it has been 
found that no sodium was occluded in this ferric phosphate precipitate and 
since duplicate analyses for potassium repeatedly agreed, it was assumed 
that the precipitate could be safely disregarded. It has, however, been 
discovered that thé precipitate does occlude potassium. 

In order to recover this occluded fraction of potassium the iron salt must 
be converted to the chloride. This is accomplished by adding to the ash 10 
drops of concentrated HCI for each ec. of blood represented by the ash. 
The solution is then evaporated to dryness on the steam bath. The residue 
is extracted with water. Consolazio, in unpublished studies, has recom- 
mended a similar procedure for the recovery of potassium from cells. 

Concentrations of Potassium and Sodium in Cells and Serum of Whole 
Blood Measured by Revised Methods—In Table III are tabulated the con- 
centrations of sodium and potassium per kilo of water found in a series of 
eight normal subjects. The values obtained for sodium in both serum and 
cells and for potassium in serum do not differ significantly from those found 
in the 1937 series (2). The slightly higher average for serum sodium in the 
present series may be ascribed to the inclusion in the previous series of two 
persons with peculiarly low sodium and in the present series of two persons 
with peculiarly high sodium. If these determinations are omitted, the 
averages of the two series are identical. The increased value for cell 
potassium (averaging about 13 per cent) is reflected in both the sum of 
sodium and potassium per kilo of cells and in the ratio of distribution of the 
sum of sodium and potassium per kilo of water between cells and serum. 
In each instance the values are higher and fall within much narrower 
limits. 


SUMMARY 


In a review of the dry ashing method previously proposed for the 
measurement of sodium and potassium in whole blood and serum, it has 
been established that no sodium is removed by the precipitation of phos- 
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phate. On the other hand, in the analysis of whole blood or blood cells 
potassium is lost. To avoid this source of error a modification of the 
procedure has been proposed. 

Values for the concentrations of sodium and potassium in the cells and 
serum of normal human blood are presented. 
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A SIMPLE METHOD OF PREPARATION OF COLLOIDAL FER- 
ROUS IRON FOR INTRAVENOUS ADMINISTRATION * 
By P. F. HAHN 


Department of Biochemistry, Vanderbilt University School of Medicine, 


Vashville 


(From the 


Received for publication, February 15, 1946 


It is frequently desirable to administer iron by vein in either experi- 
mental studies or for therapeutic purposes. When given by this route the 
iron is retained by the body and, as has been pointed out, can be shown to 
be utilized completely by the body in the production of red cell hemoglobin 
in iron-depleted anemic dogs.' lonizable forms of iron are very poorly 
tolerated when given by vein. 

During the course of development of methods of electroplating iron for 
studies of its radioactive isotopes a simple means of obtaining a high degree 
of dispersal of a colloidal form was encountered which may prove of value 
to other investigators, especially those interested in parenteral therapy. 
Toxicological studies have been carried out to a very limited extent. 
Quantities of 30 to 50 mg. of iron have been administered by vein to dogs 
on numerous occasions without any gross clinical symptoms or untoward 
reactions, and it is quite possible that much larger doses may be given 
safely. 

Starting with a solution of ferric chloride, enough cevitamic acid is added 
to reduce the iron to the ferrous state (about 3 mg. of cevitamic acid to 
each mg. of iron present). This is then added to an equal volume of a 6 
per cent solution of gelatin especially prepared for intravenous use.” 
Dilute (10 to 20 per cent) NaOH is added dropwise until color develops, at 
which point it has been found that the pH is in the range of 5 to 6. The 
resultant solution has a deep purple-brown color to transmitted light and a 
greenish black sheen to reflected light. It is quite stable at room tem- 
peratures. When stored in a refrigerator, the material solidifies and may 
be made available for injection by heating gently. 

* This work was carried out under a grant from the Nutrition Foundation, Ine. 

1 Whipple, G. H., and Robscheit-Robbins, Am. J. Med. Sc., 191, 11 (1936). 

* We are indebted to Dr. D. Tourtellotte of the Charles Knox Gelatin Company, 
Camden, New Jersey, for the gelatin used in this work. 
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THE ASSAY OF ANIMAL TISSUES FOR RESPIRATORY 
ENZYMES 
IV. CELL STRUCTURE IN RELATION TO FATTY ACID OXIDATION* 
By V. R. POTTER 


(From the McArdle Memorial Laboratory, Medical School, University of Wisconsin, 
Madison) 


(Received for publication, February 8, 1946) 


The “homogenate technique” is at present widely used for the study of 
enzymatic reactions in various types of biological material. In the original 

| technique (1)! an attempt was made to eliminate cell structure and to dis- 
perse intracellular constituents so widely that endogenous respiration was 
eliminated by dilution, while particular phases of metabolism could be 
restored by the addition of appropriate substrates and cofactors. In 1942, 
Elliott and Libet (5) made an excellent study which led to the conclusion 
that “the effects of homogenization in the different media are mainly due to 
the tendency of isotonic salts or sugars to prevent cell cytolysis, while in 
hypotonic medium cytolysis occurs.”’ They reported that isotonic prep- 

' arations of brain cells compared favorably with brain slices for studies on 
brain metabolism, and they subsequently (6) carried out their studies with 
such preparations unfortified with coenzymes or with cytochrome. On the 
other hand, Schneider and Potter (7, 8) pursued the alternative which 
Elliott and Libet’s work suggested and homogenized tissues in distilled 
water in order to make cytolysis as complete as possible. We propose to 
refer to this type of preparation as a ‘‘water homogenate,” while that of 
Elliott e¢ al. (6) may be referred to as an “isotonic homogenate.’’ On the 
basis of the cytochrome c¢ content of liver and the amount of cytochrome 
required to saturate the succinoxidase system (9) an objective technique 
for estimating the degree of cytolysis was devised (7,8). To date no other 
method of obtaining a quantitative measure of cytolysis has been found; 
microscopic examinations cannot give quantitative data and in fact can 
give very erroneous impressions. According to the succinoxidase test, 
water homogenates of rat liver contain about 5 per cent. whole cells, while 
isotonic preparations contain 60 to 80 per cent whole cells. As might be 


| * This work was aided by a grant from the Jonathan Bowman Fund for Cancer 
Research. 
‘It may be pointed out here that the device used by Potter and Elvehjem in 1936 
| (1) was similar in principle to a tissue crusher described as early as 1922 (2) and subse- 
quently modified for other purposes (3, 4). The pestles may now be obtained from 
the Central Scientific Company. 
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expected, homogenates prepared in M/30 phosphate buffer (9), which js 
hypotonic, yielded a figure that is intermediate, about 30 per cent whole 
cells. In each case, the per cent of whole cells is of course modified by the 
tightness of the homogenizer and the duration of the homogenization. 

The importance of these considerations was recently emphasized when 
we attempted to devise an assay for fatty acid oxidation, following the 
demonstration of this reaction in homogenates (10, 11). The fatty acid 
oxidase activity was reported to be extremely sensitive both by Mufioz and 
Leloir (10) and by Lehninger (11). Since many of the findings which they 
reported could be interpreted in terms of cytolysis, we carried out a number 
of experiments in which the fatty acid oxidase activity was correlated with 
a “cytolysis quotient,”’ as determined by means of the succinoxidase test, 
in order to determine whether cell structure is necessary for fatty acid 
oxidation. 


EXPERIMENTAL 


Isotonic homogenates were prepared in 0.85 per cent saline, while water 
homogenates were prepared in distilled water. Livers were removed from 
decapitated rats and chilled on cracked ice. Homogenization was carried 
out in cold tubes and media in a cold rocm, with 9 volumes of media per 
weight of liver. The isotonic homogenates were centrifuged at 1500 g for 
10 minutes and the residue was resuspended in saline equal to one-half the 
original volume of the homogenate. The suspension was centrifuged down 
and washed twice more before suspending in one-half the original volume. 
The washed residue was thus equal to a 20 per cent homogenate on a volume 
basis. The centrifuging was identical with the procedure used by Schneider 
to separate nuclei from cytoplasm in water homogenates (unpublished) 
and was carried out in order to eliminate the endogenous respiration 
(Lehninger (12)). In some cases, water homogenates were prepared and 
made isotonic by the addition of 0.5 volume of 2.55 per cent NaCl, about 
5 minutes after homogenization. 

Since Lehninger (11, 12) had reported activation by adenosine triphos- 
phate (ATP), we set up reaction mixtures in flasks with no side arms and 
kept them in cracked ice until the liver preparations were added, accord- 
ing to our previous technique for the study of oxidative phosphorylation 
(13), in which ATP was in the reaction mixture. 

The reaction components were varied, but certain additions were con- 
stant. These included 0.3 ml. of 0.1 mM Na phosphate at pH 7.5 and 0.3 ml. 
of 0.1 m Na malonate at pH 7.5. Other additions included 0.85 per cent 
NaCl, 0.01 m Na octanoate, 0.0138 wm Na ATP, 4 X 10 mM cytochrome ¢, 
0.1 m MgCh, liver preparation, and water to make 3.0 ml. The amounts 
added are shown in the tables. 








| 








— Aan 


co 
de 
re] 
(t] 


(5, 
ity 
ch 


wa 


un. 
of 





is 
le 
he 


el 
he 
id 


ay 
er 


th 


id 











V. R. POTTER 439 


The oxygen uptake was measured in standard Warburg apparatus at 
37°. Equilibration was continued for 6 minutes and readings were taken 
at 5 minute intervals for 30 minutes. Center cups with 2 N NaOH and 
filter paper were used. 

The “cytolysis quotient”? was measured by determining the succinoxidase 
activity with and without added cytochrome c¢. It is an indication of the 
per cent of cells which have been disturbed sufficiently to lose their cyto- 
chrome c, and in order to be valid, the intact cells must contain sufficient 
cytochrome ¢ to saturate the succinoxidase which they contain, and the 
cytochrome c of the broken cells must completely dissociate from the succin- 
oxidase system. These requirements seem to be met in liver (7-9, and 
this paper), although the second requirement does not seem to hold for 
skeletal and cardiac muscle (7,8). The quotient equals 


(succinoxidase with cytochrome) — (succinoxidase without cytochrome) 





100 X SPREE EES ae 
succinoxidase with cytochrome 


Results 


In preliminary tests for fatty acid oxidation with various amounts of 
washed residue from isotonic homogenates cf rat liver, we observed vig- 
orous oxidation (100 microliters of O2 per 10 minutes) of octanoate in the 
presence of ATP when 1.0 ml. of 20 per cent washed residue was used, but 
no activity when 0.3 ml. of the preparation was used. There was thus a 
marked ‘dilution effect” (1). When the experiment was repeated with 
the NaCl content of the tissue suspension compensated, it was found that 
the dilution effect was due entirely to the variation in NaCl. When this 
was kept constant, the rate of octanoate oxidation was directly propor- 
tional to the amount of liver preparation that was added (see Table 1). 
The data also show that cytochrome c was without effect on the rate of 
octanoate oxidation, while ATP was indispensable. The endogenous res- 
piration of the preparation was zero, and the amount of oxygen uptake, 
corrected for the equilibration period, was close to 200 microliters. The 
data are thus in excellent agreement with those of Lehninger (14), who 
reported that octanoate was oxidized quantitatively to acetoacetic acid 
(theoretical oxygen uptake, 201.6 microliters) under similar conditions. 

The effect of sodium chloride suggested similar data by Elliott et al. 
(5, 15) and raised the question of the réle of tonicity in maintaining activ- 
ity. Experiments in which the amount of magnesium chloride and sodium 
chloride were varied (Table II) gave strong indications that hypotonicity 
was detrimental to the oxidation of fatty acid. 

When liver was homogenized in water, the homogenate was completely 
unable to oxidize octanoate (10,12). In order to determine further the réle 
of cell structure in fatty acid oxidation, aliquots of rat liver were homo- 
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genized in water and in saline, with the water homogenate made isotonic 
within 5 minutes after its preparation, by the addition of hypertonic saline. 
Aliquots of each homogenate were centrifuged and washed (see ‘“‘ Methods’’) 
and made up to 0.5 volume. The degree of cytolysis in each of the four 
preparations was estimated by determining the “cytolysis quotient.’’ The 
fatty acid oxidation was measured in each of the washed preparations. The 


TABLE I 
Oxidation of Octanoate by Washed Isotonic Liver Homogenate 
ach complete flask contained 0.3 ml. of 0.1 m Na phosphate at pH 7.5, 0.3 ml. of 
0.1 wm Na malonate, 0.2 ml. of 0.1 m MgCl., 0.2 ml. of 0.013 Mm Na adenosine triphos 
phate, 0.1 ml. of 4 X 10°'m eytochrome c, 0.3 ml. of 0.01 mw Na octanoate, plus 20 per 
cent washed isotonic liver homogenate and saline (0.85 per cent NaCl) as indicated, 
with sufficient water to make 3.0 ml. 


Additions Average oxygen uptake per 5 min 
Washed homogenate Saline Complete* Minus cytochrome 
mi ml microliter microliler 
0.3 0.7 17.5 18.1 
0.6 0.4 35.5 35.2 
1.0 53.2 54.0 


* When either adenosine triphosphate or octanoate was omitted, no oxygen was 
taken up. In all flasks the oxygen uptake ceased rather abruptly when about 150 
microliters of O, had been taken up. See the text. 


TABLE I] 
Effect of Tonicity on Octanoate Oxidation 
Conditions as in Table I, except 0.3 ml. of washed 20 per cent isotonic liver homo 
genate in all flasks, with NaCl and MgCl, varied. The amount of NaCl present in- 
cludes that in the homogenate. Oxygen uptake per best 10 minutes. 


0.1 M MgCl per flask 
0.14 NaCl per flask 


0 ml 0.2 ml 0.4 ml 0.6 ml 
m/ microliters Os microliters O-» microliters O- microliters Oz 
0.3 0 12.5 30.6 10.0 
0.9 35.6 
1.3 6.2 33.3 33.2 


results are shown in Table III. In the case of the washed water homoge- 
nate, no oxygen was taken up when octanoate was the substrate, and the 
cytolysis quotient was high, indicating almost complete cell disruption, at 
least to the extent that eytochrome c could diffuse away from succinoxidase. 
There was considerable loss in succinoxidase, due to the association of this 
enzyme with particles too small to be completely sedimented under these 
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conditions. However, considerable succinoxidase was in the form of par- 
ticles which could be sedimented; these particles did not include whole 
cells, on the basis of the ‘‘cytolysis quotient.’ Furthermore, Schneider 
(unpublished data) has shown that cytoplasmic fractions free from nuclear 
nucleic acid contain granules of succinoxidase which can be sedimented 
under isotonic conditions. In the case of the isotonic homogenate, the 
“eytolysis quotient” indicated that about 75 per cent of the material was 
still intact enough to retain cytochrome c in association with succinoxidase, 
and in this preparation octanoate was vigorously oxidized. The data 
strongly suggest that octanoate was oxidized only by those cells which 


Taste IIl 
Inability of Hypotonic Liver Homogenates to Oxidize Octanoate 
Succinoxidase measured with a preparation equivalent to 20 mg. of fresh liver, 
and octanoate oxidation measured with the equivalent of 100 mg. of fresh liver. 
Oxygen uptake per best 10 minutes. 


Preparation Cytochrome | Suginate | Cytolyig | Octancate 
microliters per cent microliters 
Whole hypotonic homogenate + 72.4 
— 3.0 96.0 
Washed residue from hypotonic + 28.8 0 
homogenate — 1.0 6.5 0) 
Whole isotonic homogenate + 71.0 
— 53.6 24.4 
Washed residue from isotonic + 18.0 66.5 
homogenate - 35.6 25.8 60.6 


* The ‘cytolysis quotient”’ is based upon the succinate oxidation with and with- 
out added cytochrome. Its significance is not altogether certain, but its objectivity 
isemphasized here by the fact that the succinate oxidation data in bold-face type are 
in nearly perfect agreement. 


were unruptured,’ since the granules obtained by washing the water homo- 
genates were completely inactive. 

The difficulties in assaying for fatty acid oxidation are thus apparent. 
Unless a cytolysis quotient is determined and the Qo, on fatty acid corrected 
back to 100 per cent whole cells, no quantitative data can be secured. It 
is difficult to prove that such a correction would be valid. However, it is 
of interest to see how great the Qo, on fatty acid is, even when uncorrected, 
since no such attempts have been made by previous investigators. From 
the data in Table III, assuming a water content of 70 per cent in fresh 

* The data do not, of course, eliminate the possibility that 100 per cent of the cells 


were whole but had lost enough cytochrome ¢ to make the suecinoxidase activity 75 
per cent of the maximum. 
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liver (16), the uncorrected octanoate Qo, would be 13.3 in comparison with 
the succinate Qo, of 72.4. However, if this figure were corrected for the 
degree of cytolysis and the losses due to washing, the figure would be 13.3 
xX 72.4 / 35.6, or 27.0, which is about one-third as large as the succinate 
Qo, and is 3 to 4 times as high as the Qo, of a liver slice with glucose (16), 
It must also be borne in mind that the observed rate is not necessarily the 
potential rate, since no activators other than ATP were added to the 
system. 

The data in Table II] show that active octanoate oxidation did not 
occur in preparations which had been washed after hypotonic treatment, 
and the cytolysis quotients in these inactive preparations invariably 
indicated loss of cell structure. Furthermore, the data in Table IT show 
that hypotonicity was detrimental, again suggesting the need for cell 
structure. But if the enzyme system per se were inhibited by hypotonicity, 
this data would not be conclusive, and if the system included soluble pro- 
teins, these would surely be washed away from the laked cells, while they 
would probably not escape from the whole cells. The use of unwashed 
water homogenates is complicated by the endogenous respiration, and 
also by the presence of calcium ions. Experiments in which washed iso- 
tonic homogenates were frozen and thawed showed that the cells were 
laked, on the basis of the cytolysis quotients, and concomitantly the 
ability to oxidize octanoate was lost. However, this is not conclusive, 
since freezing might damage the octanoate system inasmuch as it has been 
shown to damage the oxidative phosphorylation previously studied (13). 

What appears to be unimpeachable evidence was obtained by carefully 
washing aliquots of an isotonic homogenate, and then suspending one of the 
final residues in distilled water to lake the washed cells, while the other 
aliquot was suspended in saline as before. The laked cells were added to 
Warburg flasks containing enough sodium chloride to make the final 
reaction mixture optimum for both laked cells and whole cells. The laked 
preparations gave results which were nearly always inferior to the washed 
cells, both in rate and duration of oxygen uptake, and the data were not 
satisfactory until potassium ions were included in the final reaction mix- 
ture. This was done in order to compensate for losses which may have 
occurred during the washing in isotonic sodium chloride, to compensate 
for the decrease in K*+ concentration due to dispersal of cell contents upon 
lysis (17), and because Lehninger’s reaction mixture (12) had included K* 
ions. Data from a single experiment are given in Table IV to show the 
effect of both K+ and cytochrome c in both whole cell and laked cell prep- 
arations which have been washed, with cytolysis quotients determined 
on the basis of the succinoxidase system. This experiment has been 
repeated a number of times in this exact pattern, with the same excellent 
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agreement between the rates of octanoate oxidation in laked preparations 
as compared with the whole cell preparations, when both cytochrome c and 
K+ ions are present in the reaction mixture. It is noteworthy that cyto- 
chrome c is shown to stimulate octanoate oxidation when laked cells are 
used but not when whole cells are used, thus explaining the data in Table I. 
The data in Table IV are apparently the first demonstration of the partici- 
pation of cytochrome c in the ATP-activated oxidation of octanoate. We 
have encountered a number of special situations, to be reported elsewhere, 
in which washed cells will oxidize octanoate but laked aliquots are inactive, 


Tasie IV 
Octanoate Oxidation in Washed Rat Liver Cells Following Lysis 

Succinate oxidation was measured as previously described (7), with enzyme 
preparations equivalent to 20 mg. of fresh liver. Octanoate oxidation was measured 
with reaction mixtures which contained phosphate, malonate, octanoate, adenosine 
triphosphate, and cytochrome, as in Table I, plus 0.2 ml. of 0.2 m MgCl, and water 
to make 3.0 ml. in the final volume. The washed cells were added as 0.5 ml. of a 20 
per cent suspension in saline, and the laked cells were added as 1.0 ml. of a 10 per 
cent suspension in distilled water. Sodium chloride was added as 0.2 ml. of 0.42 Mm 
solution, and K* ions were added as 0.1 ml. of 0.42 m of KCl substituted for an 
equivalent amount of NaCl. Oxygen uptake reported on the basis of the best two 
5 minute readings. 


Octanoate 


Succinate Cytolysis 





Washed cells K* Cytochrome oxidation quotient oxidation 
microliters per cent microliters 
Whole _ — 24.2 44 37.8 
5 + 43.5 | 43.5 
| + ~ | 42.7 
+ + 48.3 
Laked - _ 0 100 | = iy 
_ + 46.6 | 31.0 
+ - 8.7 
+ + | 49.2 


with or without added K+ ions. In other cases, the laked cells oxidize 
octanoate nearly as well in the absence of added K* as in its presence. In 
general, there must be some activity with Na* ions only, in order for K+ 
ions to exert an effect. It seems not unlikely that the action of potassium 
is indirect, and since Lehninger has reported that DPN®* is a component 
of the system (12), it may be a deficient component in some of the inactive 
preparations encountered. With the technique for demonstrating octano- 
ate oxidation in laked cell preparations thoroughly established, it was 
possible to test some of the questions raised in the preceding paragraph. 


* Diphosphopyridine nucleotide. 
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It was found that the enzyme system was sensitive to hypotonic media and 
that data analogous to that in Table II were obtained with the laked washed 
cell preparations, which were in addition somewhat more sensitive to 
hypertonic media than were the whole cell preparations. Furthermore, 
the laked cell preparations lost their activity upon freezing (in liquid air), 
showing that this type of experiment could not be used to test the réle of 
cell structure in octanoate oxidation. The conclusion that fatty acid 
oxidation does not require cell structure is thus based upon the data in 
Table LV. 

Microscopic examination of the preparations was carried out with about 
9 volumes of Loeffler’s methylene blue (alcoholic) to 1 volume of prepara- 
tion. Nuclei are stained dark blue, nucleoli very dark blue, and cytoplas- 
mic granules light blue. In unwashed homogenates almost no conclusions 
could be drawn, due to the masking of whole cells by adhering cytoplasmic 
granules. Even in the washed isotonic preparations this effect was notice- 
able. However, in the latter it was easier to discern chains of liver cells, 
rather uniform in size, about 3 to 4 times as long as they were broad, though 
the cell membranes did not stand out as smooth boundaries. On the other 
hand, some whole cells could be seen even in water homogenates. The 
microscopic examination provided no reliable guide as to the extent of 
cytolysis. 

DISCUSSION 


Whether Leloir and Mufioz or Lehninger have obtained oxidation of 
higher fatty acids independent of cell structure cannot be stated definitely 
at this time, since they have not determined “‘cytolysis quotients” by the 
succinoxidase test or by some equally objective measurement. All of the 
published data seem to emphasize the importance of avoiding conditions 
which would logically be expected to produce cytolysis, and in some of 
the data the omission of cytochrome c from the reaction mixture, or the 
lack of an increased oxygen uptake when cytochrome was added, strongly 
suggests that whole cells were being used. The data presented in Table 
[V, on the other hand, seem to provide clear cut proof that octanoate oxida- 
tion, at least, is possible in the absence of cell structure. The chief point 
to be emphasized is that the cells must not be laked prior to the washing 
procedure in order to obtain activity in the present reaction mixture. 

One of the striking new developments in Lehninger’s work is the ATP 
activation of fatty acid oxidation. We have completely confirmed this 
observation, and although our experimental techniques deliberately devi- 
ated considerably from Lehninger’s, we adhered quite closely to the prin- 
ciples which his work established and used most of the components of the 
reaction mixture at the concentrations he found to be optimum. Thus it 
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seems likely that, whether or not the previous work was actually done with 
cell-free preparations, fatty acid oxidation would have been obtained if the 
washed preparations had been laked before they were tested. 

The ATP activation of octanoate oxidation in preparations of “‘whole”’ 
(i.e., unlaked according to the cytolysis quotient) cells was rather unex- 
pected, since phosphorylated coenzymes and intermediates have generally 
been found to penetrate whole cells very poorly in comparison with the 
non-phosphorylated derivatives; ¢f., for example, the comparison of thia- 
mine with cocarboxylase in brain cell suspensions (18), in which thiamine 
was superior to cocarboxylase in minced tissue while the reverse was true 
in more finely ground (‘‘broken cell’) suspensions. It is unclear whether 
the latter would have been classified as whole or laked by the succinoxidase 
technique. More recently, isotonic homogenates have given marked 
responses to the addition of phosphorylated cofactors and intermediates 
(19), although the preparations were not washed and therefore must also 
have contained some broken cells. Nevertheless the water homogenates 
seemed superior since, when properly fortified, they gave somewhat 
greater activity than the isotonic homogenates, possibly ‘‘because there 
is no permeability barrier between the [added] coenzymes and enzymes in 
disrupted cells” (19). It seems possible that the permeability of the washed 
cells has been altered by the washing to the extent that the ATP molecule 
can get in, while the much larger cytochrome molecule cannot get out. 

The significance of the present study is not simply whether fatty acids 
‘an be oxidized in the absence of cell structure, particularly since the 
essential means of securing this result were fairly well established by the 
work of Leloir and Mufioz and of Lehninger. However, it may be antici- 
pated that other metabolic reactions which have hitherto required intact 
cells may be attacked with the object of demonstrating the reaction in cell- 
free extracts. The present study may serve to show how the homogenate 
technique may be employed to gain this end and to help establish the con- 
clusion. 

Although assays for fatty acid oxidase are not vet possible on a strictly 
quantitative direct basis, considerable information can be obtained by 
means of the washed preparations if satisfactory succinoxidase assays with 
and without cytochrome c can be obtained on the original homogenate 
as well as on the washed preparation. 


SUMMARY 


99 66 ” 


1. The variation in the extent of cell rupture in “isotonic,” “hypotonic, 
and ‘‘water’’ homogenates is emphasized, and the inadequacy of microscopic 
examination is pointed out. 

2. An objective test, which measures the loss of cytochrome c from cells 
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in liver homogenates, is utilized to determine a ‘cytolysis quotient”’ in the 
various types of homogenates. 

3. The activation of fatty acid (Cs) oxidation by adenosine triphosphate 
in the presence of washed cells prepared from isotonic rat liver homogenates 
has been confirmed. 

4. Washed rat liver cells which were laked with distilled water gave 
fatty acid oxidase activity equal to that of isotonic control suspensions, 
when the reaction media contained K* ions and cytochrome c in addition 
to the components used with the suspensions. 

5. Water homogenates made isotonic and washed with isotonic saline 
gave residues which would oxidize succinate but not octanoate under the 
conditions which permitted oxidation in the laked washed cell preparation. 

6. Due to the above considerations, the assay of fatty acid oxidase activ- 
ity cannot be made by direct means as yet. 


The author is happy to acknowledge the helpful criticism of Dr. Albert 
Lehninger, Department of Surgery, University of Chicago, to whom this 
manuscript was sent before its final revision. 
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THE LACTOBACILLUS CASEI FACTORS IN THE NUTRITION OF 
THE CHICK 


By B. L. HUTCHINGS, J. J. OLESON, anv E. L. R. STOKSTAD 


(From the Lederle Laboratories, Inc., Pearl River, New York) 
(Received for publication, January 26, 1946) 


Stokstad and Manning (1) demonstrated the existence of an unidentified 
growth essential for chicks which was termed factor U. Snell and Peterson 
2) indicated the existence of a growth factor of unknown composition for 
Lactobacillus casei. Because of its properties, the substance was designated 
the ‘‘norit eluate factor.”” Hutchings et al. (3) presented evidence showing 
that the ‘“‘norit eluate factor’? was concerned in chick nutrition, thus sug- 
gesting a relationship between factor U and the ‘“‘norit eluate factor.” 
Since that time several crystalline products have been isolated. 
Pfiffner et al. (4) isolated a substance from liver which was essential for 
Lactobacillus casei and was active in promoting growth and hematopoiesis 
in the chick. This material was termed vitamin B,.. Stokstad (5) isolated 
Be rvstalline compound from liver and one from yeast. The liver com- 
pound was active for L. casei, Streptococcus faecalis R, and the chick. The 
yeast compound had the same activity as the material isolated from liver 
When assayed with L. case?, but was only one-half as active as the liver 
compound when assayed with Streptococcus faecalis R. These compounds 
were subsequently referred to as the liver and yeast L. casei factors. The 
synthesis of the liver L. case: factor was recently announced by Angier 
et al. (6). 

The isolation of another form of the Lactobacillus casei factor was de- 
scribed by Hutchings et al. (7). This compound which was obtained from 
a fermentation product was 85 per cent as active as the liver L. casei factor 
when assayed with L. case7, but only 6 per cent as active when assayed with 
Streptococcus faecalis R. 

In a later communication, Hutchings et al. (8) presented quantitative 
data on the activity of the fermentation compound for the chick. The 
fermentation Lactobacillus casei factor was approximately as active as the 
liver L. cased factor in promoting growth and hemoglobin formation in the 
chick. It was suggested that the activity of a compound for L. caset 
would be a more general indication of its growth-promoting and anemia- 
preventing properties for the chick than would be the Streptococcus faecalis 
R activity of the compound. 

In this communication further experiments with the fermentation 
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Lactobacillus casei factor are described. Data are also presented for the 
requirement of the chick for the synthetic liver Lactobacillus casei factor. 


EXPERIMENTAL 


The composition of our basal diet is shown in Table I. Day-old New 
Hampshire red chicks were given this diet and water ad libitum and were 
housed in heated batteries. The Lactobacillus casei factor preparations 
were made up at frequent intervals by dissolving the factor in 0.05 x 
sodium hydroxide at a concentration of 1 mg. per ml. Fresh diets were 
made up weekly and various amounts of the Lactobacillus casei factor were 
added directly to the basal diet. 

The stock mash was a commercial chick starter fortified with 3 per cent 
each of dried whole liver, dried brewers’ yeast, and cerophy!. 

The chicks were weighed twice weekly and all experiments continued for 
t weeks. Hemoglobin determinations were made by the method of 
Kvelyn (9). 


Results 


The results with the fermentation Lactobacillus casei factor are — 
in Table II. Each series represents an experiment, done at a different ti 
with a separate lot of chicks. Series 1 and 2 show the effect of several 
levels of the fermentation Lactobacillus casei factor. Also shown (Series 
3) is the effect of the addition to the diet of several sulfonamides that are 
known to inhibit intestinal bacteria. The sulfonamides showed no effect 
except a slight growth depression with sulfaguanidine, which was also 
manifested on the fortified-stock diet. It is to be noted that our diet 
contained 5 mg. of p-aminobenzoic acid per kilo. 

Low levels, 0.16 to 0.48 mg. of the fermentation Lactobacillus casei 
factor per kilo of diet, produced pronounced responses in growth and hemo- 
globin formation. The type of anemia which was encountered was mac- 
rocytic and hyperchromic. These results are in agreement with those of 
Campbell et al. (10). Maximum growth was obtained with approximately 
1.1 mg. per kilo of diet with no further increase when the levels were in- 
creased up to 4.0 mg. per kilo. The growth obtained equals that on the 
fortified stock diet. 

The experiments with the synthetic liver Lactobacillus casei factor are 
tabulated in Table IIT. Although very marked responses are evident at 
low levels, maximum growth and hemoglobin values are obtained between 
0.5 to 1.0 mg. of the synthetic compound per kilo of diet. 

The absorption spectra of the fermentation Lactobacillus casei factor and 
the synthetic liver compound are similar, differing only in their extinction 
coefficients: E}%,. at 365 my in 0.1 N NaOH 130 for fermentation L. caset 
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factor, and 199.0 for synthetic liver L. casei factor. If we assume that the 
chromophoric groups of the two factors are the same, the ratio of the 
Evom. Values at a given wave-length is a ratio of the molecular weights of the 
two compounds. On this comparative basis the fermentation 1. casei 
factor should be 65.4 per cent as active as the synthetic liver L. casei 
compound, ‘The results presented demonstrate that the ratio of activity of 
the two compounds is of this general order. The biological variation of the 


TABLE I 


Composition of Basal Diet 


Ingredient Ingredient 
per cent mk. per cent 
Cerelose* 53.0 Biotin 0.03 
Aleohol-extracted casein 22.0 Riboflavin 0.5 
Salt mixture 4.3 Inositol 100.0 
Calcium gluconate 3.0 p-Aminobenzoic acid 5.0 
Gelatin 8.0 Vitamin EF 5.0 
Ruffext $.0 - K 0.2 
Soy bean oil 5.0 unit 
Cholie acid 0.25 “ A 3500.0 
Cystine 0.45 " D 200.0 
ms. percent (ral dosing, 3 drops once | 
Choline chloride 200.0 a wk., 
Calcium pantothenate 3.0 Vitamin A 7000.0 
Nicotinamide 3.0 Delsterol 100.0 
Pyridoxine 0.5 mg. 
Thiamine hydrochloride 0.3 Vitamin E.. 5.0 


se K, in 0.1 ce. 
corn oil.... 0.005 


* Glucose monohydrate. 
t A purified cellulose containing 70 per cent a-cellulose and 30 per cent other 
celluloses. The Fisher Scientific Company, Pittsburgh, Pennsylvania. 


chick experiments makes it difficult to assess the comparative activity 
more accurately. 
DISCUSSION 

Elvehjem and coworkers (11, 12) and Norris and associates (13) have 
failed to find any correlation between microbiological assay and the growth- 
promoting and hemoglobin-forming properties of various concentrates when 
assayed with chicks. An explanation of their difficulties was suggested by 
the fact that various naturally occurring compounds do exist, and have 
varying potencies for Lactobacillus casei and Streptococcus faecalis R. 
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Hence, any conclusive comparative data based on microbiological and 
chick assay of impure concentrates would be difficult to obtain. The | 


magnitude of these difficulties became apparent when Pfiffner ef al. (14) 








P 
TaBLe II I 
Requirement of Chick for Fermentation Lactobacillus casei Factor f 
Sade Wa. of Average weight Average L 
Series No. chicks Supplement and No. alive* hemoglobin a 
at 28 days at 28 days . 
per kilo gm. gm. per cent C 
] ll None 95 (4) 4.8 
11 0.16 mg. L. casei factor 156 (6) 5.4 
11 — ‘ ‘a 159 (9) 6.0 
11 10.48 “ “ = ™ 214 (11) 7.1 
11 —. ™ ~ ” 215 (10) 7.0 
11 alla ee a 243 (10) i 
11 —-” ” . 266 (11) 7.2 a 
ll a ” “ 271 (11) 7.7 
11 400 “% 4 260 (11) 7.4 
2 10 None 130 (1) 3.9 
12 0.48 mg. L. casei factor 237 (11) 7.5 
12 0.64 ‘ * - ” 283 (12) 8.3 
er Ee 244 (12) 8.6 
12 1096 “ “ - " | 272 (12) 8.3 
| 12 a. = - 291 (11) 8.0 
12 ia = © - - 274 (12) 8.4 
10 CO” St = = 279 (10) 8.4 
10 Fortified stock mash 309 (10) if 
3 10 None 105 (2) 
10 0.80 mg. L. casei factor 278 (10) 7.8 
10 400 ““ “ « 302 (10) 7.1 
10 on * ™ “« + 0.7% sulfa 293 (9) 7.6 
suxidine 
10 0.80 mg. L. casei factor + 0.7% sulfa- 254 (10) 7.8 
guanidine 
; 10 0.80 mg. L. casei factor + 0.7% carboxy- 292 (10) 8.2 
sulfathiazole La 
9 Fortified stock mash 305 (9) 7.48 for 
10 " a 7 “« + 0.7% sulfa- . wit 
guanidine 281 (9) 
Sanninieietmssiand se mo 
* Figures in parentheses. Th 
: , :' , ' con 
isolated a erystalline conjugate from yeast that was available to chicks, but 
which was inactive for bacteria prior to enzyme digestion. The evidence ‘ 
of numerous investigators (15-18) conclusively shows that such micro- r 


hiologically inactive conjugates are of wide occurrence in natural products. 
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Briggs et al. (19), using the fermentation Lactobacillus casei factor of 
Hutchings et al. (7), attributed vitamin “By” and “By”’ activity to the 
compound. However, the fact that the amounts necessary for growth and 
hemoglobin formation were higher than the amount of Lactobacillus casei 
factor present in the crude concentrates, as was determined by micro- 
biological assay, led these workers to the conclusion that considerably more 
active compounds existed. Scott et al. (20), using the same compound, 
attributed growth-promoting and hemoglobin-forming properties to the 
compound, but only in the presence of 8-pyracin. 


TABLE III 


Effect of Synthetic Liver Lactobacillus casei Factor on Growth and Hemoglobin 
Formation in Chicks 


Series No. Supplement ‘ae nanan 
(10 chicks each) a etal aides “aaaes 
per kilo gm. gm. per cent 

4 None 65 (1) 5.96 

0.2 mg. synthetic L. casei factor 255 (3) 6.48 

0.3 “ " =! 293 (8) | 7.15 

04 “ ais 7 sia oe 333 (10) 7.88 

0.5 “ 7 A " = 284 (10) 8.21 

i? aes vs ss ‘3 343 (10) 8.59 

5 None (0) 

0.3 mg. synthetic L. casei factor 277 «(9) 7.53 

o5 * - 4 xy - 327 (9) 8.62 

ide = ” i és 346 (10) 7.58 

iit ce 42 a wis 380 (10) 8.68 

is." 5 a - a 366 (10) 8.07 


5.0“ “ae 6 8 387 (10) 7.80 


* Figures in parentheses. 


The data presented above indicate that on a molar basis the fermentation 
Lactobacillus casei factor is as active in promoting growth and hemoglobin 
formation in the chick as is the synthetic compound, which is identical 
with the naturally occurring liver Lactobacillus casei factor. This is the 
most active form of the compound for either microorganisms or chicks. 
The fermentation compound was active under the same experimental 
conditions as the synthetic compound. The addition of 8-pyracin was not 
necessary to elicit a response. 

In view of the apparent discrepancy between the activity of vitamin 
B., as reported by Pfiffmer and associates, and the activity of the fer- 
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mentation Lactobacillus casei factor, as reported by Scott and coworkers, on 
chicks, Daniel et al. (21) have advanced in vitro experiments purported to 
reconcile these differences. 

In a study of the conversion of the fermentation Lactobacillus case 
factor to a compound more active for Streptococcus faecalis R by an enzyme 
present in chick liver tissue, these investigators found that 8-pyracin was 
concerned in the reaction. Their explanation was that either 8-pyracin was 
conjugated with the L. casei factor to form “‘folic acid” or the presence of 
8-pyracin facilitated the conversion. Attention is directed to the paper of 
Day et al. (22) in which the enzyme present in rat liver that is capable of 
hydrolyzing microbiologically inactive conjugates was efficacious in con- 
verting the fermentation L. casei factor into a compound with increased 
activity for Streptococcus faecalis R. The addition of 8-pyracin was not 
necessary for this reaction. Furthermore, previously published data (7) of 
the absorption spectra of the various L. casei factors would indicate that the 
fermentation compound is a higher molecular weight compound than the 
liver L. casei factor. It would thus appear likely that the enzymatic 
activation was of a degradative nature. 

The results presented substantiate our previous conclusion that the 
fermentation Lactobacillus casei factor is active in promoting growth and 
hemoglobin formation in the chick. Evidence presented in this paper in- 
dicates that the fermentation compound is as active on a molar basis as the 
synthetic liver Lactobacillus casei factor. 

Smaller amounts of either compound are necessary for hemoglobin 
formation than for maximum growth. 

The amounts of the fermentation Lactobacillus casei factor and_ the 
synthetic compound necessary to give growth equivalent to that of a 
fortified stock mash are 1.1 mg. per kilo of diet and 0.5 to 1.0 mg. per kilo 
of diet respectively. 


SUMMARY 


The fermentation Lactobacillus casei factor and the synthetic liver 
Lactobacillus casei factor are active in promoting growth and hemoglobin 
formation in the chick. On a molar basis the two compounds are ap- 
proximately equally active. On our basal diet the two compounds are 
active under identical conditions. The addition of 8-pyracin is not neces- 


sary for growth or hemoglobin formation. 


We are indebted to Miss Hilda B. Ritter and Miss Joyce Cook for the 


hemoglobin determinations. 
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THE REPLACEMENT OF VITAMIN A, BY VITAMIN A, IN 
THE RETINA OF THE RAT* 
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HODGE, ano J. H. WILLS, Jr. 


From the Laboratories of Distillation Products, Inc., and the Department of 
Biochemistry and Pharmacology, School of Medicine and Dentistry, 
The University of Rochester, Rochester, New York 


(Received for publication, February 4, 1946) 


It is now well established that vision in dim light is due to the photo- 
chemical decomposition of ‘visual purple,’’ a pigment present in the rods of 
the retina (1). Visual purple is believed to be a conjugated protein in 
which vitamin A or one of its derivatives is a prosthetic group (2). As 
might be expected, the spectral sensitivity curve of the eye parallels the 
absorption spectrum of visual purple with a maximum at 500 my, except for 
a slight shift toward the red due mainly to light absorption of the intraocular 
media. 

In 1937, Wald (3) found that certain fresh water fish have a visual purple 
system which differs from that found in man and most other animals. 
The absorption of this pigment occurs at about 522 muy, and the entire 
absorption spectrum is shifted somewhat toward longer wave-lengths. It is 
reasonable to assume that in dim light these fish are comparatively more 
sensitive to red light and less sensitive to blue than animals with the normal 
type of visual purple. ‘To avoid confusion, the visual purple of humans and 
salt water fish was named rhodopsin, while the visual purple of fresh water 
fish was named porphyropsin. 

At about this same time, other investigators (4, 5) found that the livers 
of these fresh water fish contained, instead of vitamin A, a closely related 
substance having an absorption maximum in the ultraviolet at about 
350 my instead of 328 mu and that the antimony trichloride reaction 
product had an absorption maximum at 693 my instead of 620 my. This 
material was named vitamin A,, and shortly thereafter Wald (6) showed 
this substance to be the prosthetic group in porphyropsin, as vitamin A 
is in rhodopsin. It has subsequently been found (7, 8) that vitamin A, 
has biological activity for rats and occasionally occurs in small amounts in 
the livers of animals that eat fresh water fish (9). 

It would be of considerable interest to find out whether the spectral 


* Communication No. 88 from the Laboratories of Distillation Products, Ine. 

This work was financed in part by the War Research Committee of the Rochester 
Chamber of Commerce and in part by the Institute of Optics under the supervision 
of Dr. Brian O’Brien 
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response curve of the human retina can be shifted toward the red region by 
the substitution of porphyropsin for rhodopsin in the retina. As the initial 
step in such a study, we investigated the possible replacement of vitamin 
A, by vitamin A, in the retina, liver, and blood of the albino rat. 

Procedure 

132 male and female rats were placed at weaning (24 days old) in in- 
dividual cages and given the ‘‘vitamin A test diet”? (10). After 9 weeks on 
this diet, the usual vitamin A deficiency symptoms developed and the 
colony was divided into two groups. One group of 63 vitamin A-deficient 
rats Was examined immediately; a group of 76 normal rats was examined 
simultaneously for comparison. The remainder of the colony was placed 
on a daily supplementation of 100 ‘‘units” of vitamin A,! given orally by 
dropper in Mazola. The vitamin A, was extracted from the livers, pyloric 
ceca, gastrointestinal tracts, and body fat of wall-eyed pike (St/zostedion 
vitreum). These extracts all had an ultraviolet absorption maximum at 
352 mu, with a subsidiary peak at 286 mu. The antimony trichloride 
products all showed a single absorption maximum at 695 mu. 

Groups of six to eight rats were taken at intervals of 3, 6, and 12 weeks 
and examined to see what changes had occurred in the vitamin A, and A, 
levels in the retina, blood, and liver. After 12 weeks on vitamin A. feeding, 
a group of forty-eight rats was examined. 

At the time of sacrifice, the rats were placed overnight in a dark room 
and killed by decapitation. A minimum of illumination was furnished by 
a Kodak Series No. 2 Safelite. The blood was collected and allowed to clot 
and the serum taken. A representative number of livers were removed, 
and the pooled sample weighed and placed under 95 per cent ethy1 alcohol. 
The eves were removed promptly and placed in normal saline solution. 
They were transferred to a 4 per cent alum solution for a period of about 2 
hours. The lenses were removed, and the retinas dissected out and placed 
in a phosphate buffer solution (pH 6.8), centrifuged, and washed with the 
same solution repeatedly. The washed retinas were ground with sand 
under 4 per cent sodium glycocholate solution and the volume brought up 
to about 15 ml. After standing for an hour, the mixture was centrifuged 
and the supernatant liquid poured off. 

' Since there is no standard unit of vitamin A», we have adopted, pro tem, the ex- 
pedient of employing an arbitrary physicochemical or spectral unit. This is deter- 
mined by using the same conversion factors as are used in this laboratory for caleu- 
lating units of vitamin A; fromits extinction coefficient at 328 mu in the ultraviolet 
or the extinction coefficient at 620 my for its antimony trichloride product. Thus the 
potencies in units of vitamin A, were calculated by multiplying the extinction coeth- 
cient at 352 my by 2000 and, for the antimony trichloride product, by multiplying the 
extinction coefficient at 695 mu by 750. 
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The transmission spectra of the retinal extracts were determined on a 
Hardy spectrophotometer against a blank sample of the 4 per cent sodium 
glycocholate solution. The small amount of light needed to give the trans- 
mission spectra produced no bleaching of the visual purple. Subsequently, 
the retinal extracts were exposed to room light until no further fading 
occurred at 500 mu, and curves for the bleached samples were obtained. 
Since these extracts all had considerable general absorption in the 400 to 
500 mu region, the curve of the bleached sample was subtracted from the 
original in order to obtain a better curve of the visual purple itself. It 
must be noted, however, that this procedure would yield a true spectrum of 
the visual purple only if it is assumed that no other products absorbing in 
the same region are produced at this time. Since it is known (11) that some 
such products are formed, the curve obtained by subtraction is not a true 
curve of the visual purple. However, for the purposes of this experiment, 
the difference is not significant. 

Retinene was extracted with benzene from the bleached visual purple 
solutions, and its antimony trichloride spectrum recorded. 

The blood sera and the livers were extracted in the usual manner and 
spectra of the antimony trichloride colors obtained. 


Results 


Amount and Character of Visual Purple—a<As can be seen from Fig. 1, the 
normal rats had a visual purple curve with a maximum at 500 my, showing 
that rhodopsin was present.2, The vitamin A-deficient rats examined at 
the same time also showed the presence of rhodopsin but in a much smaller 
amount. In contrast, the large group of rats which had been on vitamin 
A, supplementation for 12 weeks gave a visual purple curve with an absorp- 
tion maximum at 520 mu. Since the absorption maximum of porphyrop- 
sin occurs at 522 + 2 mu, this shift of the spectrum indicated that the 
visual purple of the vitamin A,-fed rats had been changed to porphyropsin 
tothe extent of about 80 per cent or more. 

The primary question with which this investigation is concerned is 
whether or not an animal normally utilizing only vitamin A, in its retinal 
pigment can produce the typical vitamin A.-containing visual purple. Fig. 
| gives aclear cut answer to this question. On prolonged feeding of vita- 
min A», the rat has almost entirely replaced vitamin A; by vitamin A, in the 
visual purple of its retina. 

Retinene—The bleached visual purple extracts were extracted with 

* The retinas from thirty-three frogs were examined to test our experimental pro 
cedures. An eS@ellent rhodopsin curve was obtained. The frog retinas were found 
to contain about twice as much visual purple as those of the normal albino rat. 
The livers contained 165 units per gm. of vitamin A,. 
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benzene and examined for retinene, which gives a characteristic antimony 
trichloride blue color with a maximum at 664 mu (2). Definite evidence of 
retinene was found in the extract from the visual purple of normal rats. 
No retinine could be detected in the benzene extract from the bleached vis- 
ual purple of rats which had been fed vitamin A, for 12 weeks. However, in 
the latter case, the presence of retinene was not expected, since, according 
to Wald (6), bleached porphyropsin yields a different substance, retinenes. 
This compound gives an antimony trichloride product having an absorption 
maximum at 706 mu. Unfortunately, this wave-length was beyond the 
limit of the spectrophotometer used. 

Vitamin A in Retina—The amount of vitamin A, in the bleached retinas 
of two small groups of normal rats was found to be 0.64 and 0.87 units per 
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Fic. 1. Absorption spectra of the visual purple extracts from normal rats (Curve 
a), vitamin A-deficient rats (Curve b), and previously depleted rats fed a supplement 
of 100 units daily of vitamin A, for a period of 12 weeks (Curve c) 


rat. A comparative measurement on the retinas of a small group of vitamin 
A-deficient rats showed only one-fourth to one-third as much vitamin A 
(0.23 unit per rat) as is normally present. After 3 weeks of feeding 100 
units of vitamin A, daily, the retinas of a small group showed 0.83 unit of 
vitamin A, per rat. No evidence of vitamin Ay was observed. After 6 
weeks of vitamin A, supplementation, the retinas from another small 
group showed 0.75 unit of vitamin A, per rat, with the appearance of just a 
trace of vitamin A». It appears that the retinas pick up vitamin A, ex- 
tremely slowly and tend to maintain normal Jevels of vitqmin A). Since 
all of the available retinas were needed for the visual aaa estimation on 
the rats fed vitamin A, for 12 weeks, no vitamin A determinations were 
made on the bleached retinas of these animals. 
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Vitamin Az in Liver—The livers of normal rats from our stock colony 
were found to contain 125 to 135 units of vitamin A; pergm. As may be 
seen from Fig. 2, where the spectra of the antimony trichloride products 
are given, the extract of normal rat livers shows a single absorption maxi- 
mum at 620 mu. The curve for the liver extracts from vitamin A-deficient 
animals also has its absorption maximum at the same wave-length, but the 
peak is markedly depressed and corresponds to about 8 per cent (10.5 units 
per gm.) as much vitamin A, as was found in the normals. 

The large group of vitamin A-deficient rats placed on 100 units of vitamin . 
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Fig. 2. Absorption spectra of the antimony trichloride reaction products from 
the livers of normal rats (Curve a), vitamin A-deficient rats (Curve b), and depleted 


rats fed a supplement of 100 units daily of vitamin A. for a period of 12 


weeks (Curve c) 


A, daily resumed growth promptly, and vitamin A deficiency symptoms 
disappeared. Groups of six rats each were sacrificed after receiving vitamin 
A, supplementation for 3, 6, and 12 weeks. The livers from the rats after 
3 weeks contained only vitamin A, to the extent of about 52 units per gm. 
There was no indication of a tendency to increased deposition of vitamin 
A, on continued feeding. Thus, the livers of rats after 6 and 12 weeks 
contained 36 and 40 units of vitamin A, per gm., respectively. The livers 
from the rats of the large group on vitamin A, supplementation for 12 weeks 
(Fig. 2) showed only vitamin A, (antimony trichloride absorption maximum 
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at 695 my). At this time, the livers contained 76 units of vitamin A, per 
gm. The prompt rise in the vitamin Az level of the rat livers to values of 
36 to 76 units per gm. and the maintenance at this level during continued 
feeding of vitamin A, are evidence of a systemic balance which maintains 
constancy of vitamin <A: in the liver at a given level of intake. Such g 
phenomenon has been previously noted by Lewis et al. (12), who report that 
when vitamin A-deficient rats were placed on an intake of 100 units of vita. 
min A, daily the livers establish a store of approximately 113 units per gm. 

Several points emerge from these data. In vitamin A-deficient rats fed 
vitamin A», the vitamin A, appeared promptly in the liver and established 
a definite storage level. In this respect, vitamin A, apparently follows g 
pattern of systemic behavior similar to that of vitamin A;. Only vitamin 
A» was found in the liver even after as short an interval as 3 weeks of vitamin 
A» supplementation. In the liver, vitamin A, appears to be a suitable 
biological replacement for vitamin A. 

Vitamin Az in Blood—The blood serum from two large groups of normal 
rats was found to contain 1.0 and 0.7 units of vitamin A; per ml. The curve 
for the antimony trichloride product (Fig. 3) of the normal rat blood extract 
showed a maximum at 620 mu. The curve of the vitamin A-deficient rat 
blood extract showed a single maximum at 620 my, but the height of the 
absorption curve was greatly reduced, as compared to that of the normals. 
The blood of these rats contained only 0.2 unit of vitamin A, per ml. or 
about one-fourth to one-fifth as much vitamin A, as is normally present. 

The blood serum from a group of six rats was examined after 6 weeks on 
vitamin A, supplementation, and it was found that vitamin A, had appeared 
in the blood (0.2 unit per ml.), although vitamin A, still predominated 
(0.3 unit per ml.).* This relationship was reversed after 12 weeks of vitamin 
As supplementation, at which time 0.2 unit per ml. of vitamin A, and 03 
unit per ml. of vitamin A. were found in the serum. An anomalous 
finding is recorded in the values for the blood serum of a group of six rats 
chosen at random after 12 weeks on vitamin A, supplementation. In this 
serum only vitamin A; was present in the amount of 0.8 unit per ml. No 
reason for this anomaly is known. 

In contrast to the rapid uptake of vitamin A, by the liver, the blood 
seemed to retain vitamin A, tenaciously. It would appear that 100 units 
of vitamin Ay have been transported daily by the blood stream, deposited in 
the liver and other tissues, metabolized, and perhaps excreted for as longa 

* Jensen ef al. (8) have found from a study of carefully prepared concentrates tha’ 
the antimony trichloride product of vitamin A, has absorption at 695 my equal te 
about 5 per cent of its absorption at 620 my, while the antimony trichloride product of 
vitamin A, contributes absorption at 620 my equal to about 33 per cent of its absorp- 
tion at 695 mu. The relative amounts of vitamins A; and A. in mixtures were ealcu- 


lated on this basis. 
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period as 6 weeks without significantly altering the vitamin A, level in the 
blood as compared to that of vitamin A-deficient animals. The tenacity 
of retention of vitamin A, is further demonstrated by the amount of vitamin 
A, found in the blood after 12 weeks of vitamin A, feeding. The total 
amount of combined vitamin A, and vitamin <A, in the blood serum after 12 
weeks is nearly up to the normal level of vitamin A, in rat blood. However, 
it is apparent that prolonged periods of vitamin A, feeding would be neces- 
sary to replace vitamin A, completely, if indeed this is possible. It may be 
that small amounts of vitamin A, are stored in many tissues of the body and 
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Fic. 3. Absorption spectra of the antimony trichloride reaction products of the 
extracts from blood serum of normal rats (Curve a), vitamin A-deficient rats (Curve 
b), depleted rats fed a supplement of 100 units daily of vitamin A, for 6 weeks (Curve 
¢), and rats fed the vitamin A. supplement for 12 weeks (Curve d). 


that upon feeding vitamin A, these stores are gradually replaced. The 
vitamin A, thus released perhaps finds its way into the blood stream and is 
responsible for its continued appearance there. However, vitamin A, 
appears in the blood stream in a reasonably constant amount and seems, 
over a protracted period of vitamin A, feeding, to be gradually replacing the 
vitamin Aj. 

Functional Replacement of Vitamin A, by Vitamin A:—One of the im- 
portant generalities which emerges from this study is the apparent ability 
of vitamin A, to replace vitamin A, in general body functions. The vitamin 
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A-deficient rats without supplementation of vitamin A presumably would 
have died. When 100 units daily of vitamin A, were administered to each 
rat, all symptoms of vitamin A deficiency rapidly disappeared; growth was 
immediately resumed and the xerophthalmia healed. The coats became 
healthy looking and the rats were lively, ate well, and were in excellent 
condition. The livers promptly took up stores of vitamin A, and vitamin 
A, appeared in the blood and in the visual purple. The survival and growth 
on vitamin A, supplementation and especially the production of porphyrop. 
sin in the retinas indicate the usefulness of vitamin A, in those body fune- 
tions in which vitamin A, is considered necessary. 

Vitamin Az Reproduction—After 6 weeks on vitamin A» supplementation, 
the rats were mated; eight groups of two female rats were placed in separate 
‘ages, with one male for each group. Only half of the females became preg. 
nant, but this percentage is not extraordinarily low in first matings, 
Only one of the females raised its young, although all that were pregnant 
delivered litters. In general, the pups were not very strong and varied 
markedly in weight in each litter. The pups that died had stomachs well 
filled with milk, showing that the failure was not in the milk supply. The 
one surviving litter was placed on 33 units of vitamin A, daily at weaning, 
and, during the latter part of the lactation period, the mother was put back 
on the usual dosage of 100 units daily. The pups had grown well at the 
time of sacrifice, having body weights of 56 to 80 gm. Unfortunately, the 
extracts of blood, livers, and retinas of the pups were cloudy and no satis- 
factory measurements of the antimony trichloride products of these tissues 
could be obtained. The loss of such a high percentage of the litters is 
unusual and may reflect some fault in the ability of vitamin A, to replace 
vitamin A;. Further evidence of such a fault may be found in the wide 
variation in the size of the pups. The value of vitamin A, in reproduction 
and the survival of young rats is open to further experimentation. 

Sex Differences in Response to Vitamin A;—In comparison of the growth 
curves of the rats following vitamin A, supplementation, a difference was 
noted in the growth responses of male and female rats. For example, after 

3 weeks on 100 units of vitamin A; the two male rats in one small group had 
increased about 35 gm. in body weight, whereas the four female rats had 
increased only 10 gm. After 6 weeks on vitamin A, feeding, the male rat 
in another small group had gained 100 gm. in body weight, whereas the five 
female rats had increased only 35 gm. on the average. In the large group 
during the 7 weeks for which weight records on vitamin A, supplementation 
are available, the twenty-cight male rats showed an average increase of 50 
gm. in body weight, while the sixteen female rats showed an average iD- 
crease of only 27 gm. This sex difference is also supported by evidence 
gained from an experiment in which two male and two female rats on anormal 
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intake of vitamin A, were fed 10,000 units daily of vitamin A, for 2 weeks. 
At the end of this time, the livers were examined separately. The livers of 
the male rats contained 39 and 68 units of vitamin A, per gm. and 171 and 
954 units of vitamin A, per gm., respectively. The livers of the female 
rats contained 112 and 133 units of vitamin A, per gm. and 103 and 130 
units of vitamin A, per gm., respectively. Thus, the proportion of vitamin 
A, to vitamin A; was much higher in the livers of the male rats than in those 
of the females. However, evidence for sex difference in utilization of 
vitamin A, by males and females is insufficient to be regarded as conclusive. 

It should be noted here that, aside from the difference in growth response 
of the male and female animals, neither sex shows the weight gain that 
would be predicted for a daily supplementation of 100 units of vitamin A 
on the assumption that vitamin A, is equal in potency to vitamin A;. This 
is in line with the observations of both Gillam et al. (7) and Jensen et al. (8), 
who found that the growth response to higher levels of vitamin A, feeding 
was not as great as would be predicted from the response at low levels. The 
latter workers also noted that very high doses of vitamin A, (10,000 units 
per day) were much more toxic than equivalent doses of vitamin A. 
This phenomenon may reflect some difference in biological response to 
vitamin A, or may be caused by some contaminant in the fresh water fish 
liver extract. 


Dr. K. C. D. Hickman provided the original stimulus and vigorous col- 
laboration at every step of the investigation. 

The authors wish to express their thanks to Mr. E. E. Richardson of the 
Kodak Research Laboratories for measurements of the visual spectra, to 
Dr. F. P. Pingert of the Eastman Kodak Company for preparation of the 
sodium glycocholate solution, to Dr. A. B. MeCoord of The University of 
Rochester School of Medicine and Dentistry for some of the vitamin A 
determinations, and to Mr. Ray Kesel of The University of Rochester 
School of Medicine and Dentistry for technical assistance. 


SUMMARY 


1. Vitamin A, can be incorporated into the visual purple of the albino rat, 
an animal normally utilizing only vitamin A, in this retinal pigment. 

2. Upon administration of 100 “units” of vitamin A, daily, the liver of the 
albino rat promptly develops and maintains a store of vitamin Ao. 

3. Upon continued feeding of vitamin A», the blood of the albino rat 
slowly increases in vitamin A, content while tenaciously holding to the 
vitamin A, available. 

4. Vitamin A, appears to replace vitamin A, successfully in many impor- 
tant body functions of the rat. 
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THE SYNTHESIS OF POTENTIAL ANTIMALARIALS 
DERIVATIVES OF PANTOYLTAURINE* 


By J. F. MEAD, M. M. RAPPORT, A. E. SENEAR, J. T. MAYNARD, 
AND J. B. KOEPFLI 


(From the Gates and Crellin Laboratories of Chemistry ,t California Institute of 
Technology, Pasadena) 


(Received for publication, January 22, 1946) 


The general hypothesis as to the mode of action of chemotherapeutic 
agents, which has been formulated by Fildes, Woods, McIlwain, and others 
(2), offers a rational and useful guide to the design of new drugs. Thus, 
bacteriostasis is pictured as caused by the blocking of reactions essential 
to growth by an inhibiting substance which has a structure similar to that 
of one of the normal enzymes or metabolites essential to the growth of the 
organism. 

There is some indication that such a mechanism may also be involved in 
the case of protozoa, since it is known that certain of the sulfonamides are 
plasmodicidal in vive. To extend this approach to Plasmodium by attempt- 
ing to block essential metabolites or enzymes other than those involved in the 
action of the sulfonamides has been made difficult by the lack of knowledge 
of the essential metabolic requirements of the parasite. 

An important lead to this approach has been furnished by Trager (3), 
who showed that the survival in vitro of Plasmodium lophurae is favored by 
the presence of calcium pantothenate. Although the evidence is indirect, 
Trager’s results indicate that pantothenic acid is the only growth factor 
of known chemical structure thus far demonstrated for any species of 
Plasmodium. 

The hypothesis of Fildes e¢ al. has been tested experimentally by the 
design and preparation of several new growth inhibitors for bacteria (2). 
In the case of pantothenic acid, Snell (4) was the first to report the prepara- 
tion of a salt of dl-pantoyltaurine which inhibited the growth of certain 
bacteria in vitro and he showed that the inhibition was reversed by panto- 

* The work was done under a contract, recommended by the Committee on Medical 

Research, between the Office of Scientific Research and Development and the Cali- 
fornia Institute of Technology. The paper was submitted to the Advisory Commit- 
tee on Publications, National Research Council, October 20, 1943. 
The simplified nomenclature has been employed (see Barnett and Robinson (1)) 
in which ‘‘pantoyl’’ is used for the a, y-dihydroxy-8, 8-dimethylbutyryl radical. 
The designation ‘‘d’’ and “l’’ has been used to indicate only that the compound is 
dextrorotatory or levorotatory. 

t Contribution No. 949. 
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thenic acid. In the same year Kuhn, Wieland, and Moller (5) prepared 
solutions of the d and | modifications of pantoyltaurine and they reported 
that the d form was 32 times more active than the / form as a growth jp- 
hibitor for certain bacteria. Independently, MelIlwain, Barnett, and 
Robinson (6) prepared and tested as bacterial inhibitors not only dl-pan- 
toyltaurine but also dl-pantoyltaurylamide and a number of other analogues 
of pantothenic acid. 

In the light of Trager’s evidence that pantothenic acid is an essential 
growth factor for Plasmodium lophurae and of the work of Snell, Mellwain, 
and Kuhn, showing the existence of several compounds known to interfere 
with pantothenic acid metabolism, at least with respect to bacteria, the 
advisability of testing pantothenic acid inhibitors for antimalarial activity 
becomes evident. 

The work reported here describes the preparation, m as pure a form as 
possible, of the optically active d-pantoyltaurine (1) and several of its de- 
rivatives, II, II], IV, V, VI, and VII, primarily for testing as antimalarials 
and incidentally for testing with a variety of other pathogens. 


HO—CH:—C(CH;):—-CH (OH) -CO—-N H—-CH.— CH: —SO:—-R 


IL R=—ONa — 
Il. R = — NH, Vv. R= —NRE 
, Ss 
i. R = —NH—< 5 CH.—CH, 
Yn 7 if 
VI. R = —NH—CH CH 
ins \ 
IV. R = —NH 4 YS CH.—CH, 
y=’ VII. R = —NH—CH.—(CH.),.—CH; 


A report of the results obtained with compounds I to VII in tests on avian 
malaria will be reported elsewhere.' It may be stated, however, that 
d-pantoyltaurylamide (II) showed definite activity 7n vivo in the suppression 
of parasites under certain test conditions. 


EXPERIMENTAL 


d-Pantoyltaurine (Sodium Salt) (1), (SN 327)'—This compound was pre- 
pared in a manner similar to that employed by Snell (4) for the preparation 
of the optically inactive compound. The preparation of solutions of the 
d and | modifications has been reported by Kuhn ef al. (5). 

To 36.4 gm. of thoroughly dried /-pantolactone were added 41.2 gm. of 

' The Survey number, designated SN, identifies a drug in the records of the Survey 


of Antimalarial Drugs. The antimalarial activities of the compounds to which Sur- 
vey numbers have been assigned will be tabulated in a forthcoming monograph. 
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the dried sodium salt of taurine and the mixture heated between 115-120° 
for 4.5 hours with occasional stirrmg. Bubbles of gas appeared to evolve 
during the reaction. ‘The melt was poured into absolute ethanol and, upon 
standing, formed a gel. The product was extracted with 700 ml. of absolute 
ethanol, the ethanol concentrated in vacuo to 100 ml., and 600 ml. of ace- 
tone added. A powder precipitated which, after standing overnight at 0°, 
was filtered, washed with acetone, and dried over sulfuric acid in vacuo. 
There were obtained 46.5 gm. (90 per cent on the basis of lactone consumed) 
of a white deliquescent powder melting with effervescence at 100—110°. 
[a]? = +23.4° (27.2 mg. in 1.93 ml. of water). 
CsHyOeNSNa. Calculated. C 34.7, H 5.8, N 5.1, Na 83 
Found. * Ba” GL GR" Oe 


d-Pantoyltaurylamide (II), (SN 3279)—Taurylamide hydrochloride, pre- 
pared by the method of Miller, Sprague, Kissinger, and McBumey (7), was 
converted to the free base as described by Barnett and Robinson (8). The 
oil thus obtained crystallized to a solid melting at 90-100°; because it is 
hygroscopic, it was used without further purification. Taurylamide (19.3 
gm.) was heated with /-pantolactone (21.0 gm.) at 100—110° for 3 hours 
(see Barnett and Robinson’s (8) procedure for the preparation of the 
optically inactive compound). The product (89 gm.) was a hygroscopic 
viscous gum which could not be induced to crystallize. A sample was puri- 
fied for analysis by repeated precipitations from ethanol with isopropyl 
ether; after prolonged drying over phosphorus pentoxide in vacuo, the 
d-pantoyltaurylamide consisted of a colorless glassy solid. [a]? = +19.1° 
(52 mg. in 2.0 ml. of water). 


CH, .O;NoS. Caleulated, N 11.0; found,? N 10.7 


8-Phthalimidoethanesulfonyl-2-aminopyridine—Since the condensation of 
the acid chloride and 2-aminopyridine, whether carried out in pyridine or 
in water with sodium carbonate, always resulted in the hydrolysis of the 
sulfonyl chloride, the following conditions were employed: To 25 gm. of 
2-aminopyridine in the minimum amount of benzene were added 35 gm. of 
3-phthalimidoethanesulfony] chloride (7) in benzene. The resulting solu- 
tion was refluxed for 1 hour and allowed to cool. The precipitate, which 
formed during the reaction, was filtered off, stirred with dilute sodium bi- 
carbonate solution, filtered, washed with water, and dried over sulfuric acid 
in vacuo. For purification, this product was refluxed with 150 ml. of 
methanol, allowed to cool, and filtered. There were thus obtained 33 gm. 
of 8-phthalimidoethanesulfonyl-2-aminopyridine, colorless prisms, m.p. 
213-215°. 


* A semimicro-Kjeldahl determination was carried out by Mr. C. T. Redemann. 
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C'),1L,20.N,S. Caleulated. C 54.4, H 4.0, N 12.7 
Found ~~ wi. . oo CUR 


Tauryl-2-aminopyridine—To 23 gm. of the above 38-phthalimidoethane- 
sulfonyl-2-aminopyridine suspended in 200 ml. of hot ethanol were added 
11.7 ml. of 42 per cent hydrazine hydrate (9), and the mixture was refluxed 
on the water bath. During 15 minutes, the solid had dissolved, and a pre- 
cipitate had begun to form. The mixture was refluxed for 1 hour, cooled, 
and filtered. The intermediate thus obtained was dissolved in 1 liter of hot 
water and treated with 13.5 ml. of concentrated hydrochloric acid. When 
the solution had cooled, the phthalhydrazide was filtered off, and the 
filtrate evaporated to dryness. The solid thus obtained, after several 
erystallizations from ethanol, proved to be a mixture of the mono- and di- 
hydrochlorides of taurylaminopyridine. Although they could never be 
completely separated, it was found that the monohydrochloride melted at 
about 165°, while the dihydrochloride had a melting point of about 190°. 
The hydrochlorides were each treated with the required amount of sodium 
bicarbonate solution. On evaporation of the aqueous solutions and crystal- 
lization of the residues from absolute ethanol, the same compound was 
obtained from both hydrochlorides as colorless clusters of platelets, m.p. 
140-141°. 


C;7H,,O.N,8. Caleulated. C 41.8, H 5.5; N 20.9 
Found. * 2. aa,” wee 


d-N*-{Pantoyltauryl)-2-aminopyridine (ITI), (SN 3280)—To 4.5 gm. of 
tauryl-2-aminopyridine were added 3 gm. of /-pantolactone, and the mix- 
ture was heated at 115-120° for 5 hours. After standing overnight in a 
desiccator over sulfuric acid, a product was obtained which solidified upon 
dissolving in acetone and pouring the solution into a large volume of dry 
ether. The material which precipitated was filtered under anhydrous con- 
ditions and dried over phosphorus pentoxide in vacuo. The 5.5 gm. of 
semicrystalline material thus obtained were hygroscopic and gradually 
became dark and gummy on exposure in the air. The best samples decom- 
posed so rapidly that satisfactory analyses were not obtained. They had 
a melting point of about 53°. [a]*> = +18.5° (62 mg. in 2.0 ml. of water). 

8-Phthalimidoethanesulfonyl-2-aminopyrimidine—T o 17.2 gm. of 2-amino- 
pyrimidine suspended in 50 ml. of dry pyridine were added slowly, with 
shaking, 46.5 gm. of 8-phthalimidoethanesulfonyl chloride. The solid 
gradually dissolved, and, after an hour, a flocculent precipitate began to 
form. The suspension was stirred vigorously overnight and then poured 
into 1 liter of water. The resulting suspension was neutralized with sodium 
bicarbonate and filtered. After drying, the product was obtained as 34.8 
gm. (58 per cent) of a brown powder melting at 245-250°. After several 
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recrystallizations from glacial acetic acid a sample was obtained as colorless 
prisms, m.p. 245 247°. 
CyHy.N.OW. Calculated, C 50.6, H 3.6; found, C 50.5, H 3.7 


Tauryl-2-aminopyrimidine Hydrochloride—The hydrolysis of the phthal- 
imido compound was carried out with hydrazine hydrate and hydrochloric 
acid solution, as described for the preparation of tauryl-2-aminopyridine. 
The hydrochloride was obtained in 75 per cent yield as colorless prisms from 
dilute ethanol, m.p. 215-216°. 

CsHy,N,O.SCIL. Calculated. C 30.2, H 4.6, N 23.5 
Found. * 30.2, “ 46," 29 

Tauryl-2-aminopyrimidine Hydrate—On neutralization of an aqueous 
solution of the hydrochloride with sodium bicarbonate, a precipitate was 
obtained which after filtering and drying consisted of flat hexagonal prisms. 
Asample of this material, when heated, softened above 140° and melted at 
151° with decomposition. 

CsH,oN,O.S-H.O. Calculated. C 32.7, H 5.5, N 25.4 
Found. “os. 32." oe 

Tauryl-2-aminopyrimidine—On heating at 100°, the hydrate slowly de- 
composed. About 85 per cent of the theoretical amount of water was 
removed by drying at 106-110° for 4 hours in a vacuum over phosphorus 
pentoxide. The compound thus obtained regained the water on standing in 
the air. It has not been obtained in pure form because of its instability, 
and the crude material was used for the next reaction. 

d-N*-(Pantoyltauryl)-2-aminopyrimidine (IV), (SN 7293)—Finely pow- 
dered tauryl-2-aminopyrimidine hydrate (1.1 gm.) was dried at 92° under a 
high vacuum for 18 hours. To the resulting solid was added 0.9 gm. of 
L-pantolactone, and the mixture heated at 97—98° for 6 hours and at 115° 
for an additional 30 minutes. A clear melt was obtained. The tempera- 
ture was lowered to 100° and the heating continued for 8 hours. During 
this latter period, some crystallization was observed. The reaction mixture 
was dissolved in hot ethanol, filtered, and allowed to stand overnight. The 
supernatant solution was decanted from a small amount of hygroscopic 
amorphous solid and treated with isopropyl ether. After standing for some 
time, small clumps of crystals were deposited. After filtering and drying, 
the product (0.45 gm.) was recrystallized from absolute ethanol and color- 
less clusters of crystals, m.p. 177-178.5°, were obtained. [a]?? = +23.6° 
(21.9 mg. in 1.99 ml. of water). 


CyeHopO,N«S. Caleulated. C 43.4, H 6.1, N 16.9 
Found. " fs. GAs ee 
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8-Phthalimidoethanesulfonyl-2-aminothiazole—To 19 gm. of 2-aminothia. 
zole in the minimum amount of benzene were added 25 gm. of the 6-phthal. 
imidoethanesulfony] chloride in benzene, and the solution was refluxed for | 
hour. After cooling, the solid which had precipitated was filtered off and 
allowed to stand overnight in sodium bicarbonate solution. It was then 
filtered, washed with water, dried over sulfuric acid, and crystallized from 
glacial acetic acid. There were obtained 27 gm. of a product with a melting 
point of 227-228°. 

CysHy,OyNsS:. Calculated, C 46.3, H 3.3; found, C 46.6, H 3.3 


The attempted hydrolysis of this compound with hydrazine hydrate and 
dilute hydrochloric acid was accompanied by a large evolution of hydrogen 
sulfide and led to the production of a dark oil, from which no identifiable 
compound could be obtained. 

Tauryl-2-aminothiazole Hydrochloride—A solution of 76 gm. of 8-phthal- 
imidoethanesulfonyl-2-aminothiazole in 1500 ml. of 92 per cent ethanol 
containing 54 gm. of sodium hydroxide was heated at 60—65° for 24 hours, 
It was acidified with 10 N ethanolic hydrogen chloride and, after standing 
in the cold for several hours, filtered from the sodium chloride. The filtrate 
was evaporated to dryness under reduced pressure, and the residue dissolved 
in acetone and filtered to remove the unchanged starting material. The oil 
thus obtained was extracted with 170 ml. of water in portions and decanted 
from a small amount of insoluble oil (starting material and phthalic acid). 
Evaporation of the solution gave 15 gm. of crude taury]-2-aminothiazole 
hydrochloride, which was recrystallized from glacial acetic acid to give 13.3 
gm. of rosettes of needles, m.p. 187—190.5°. An analytical sample melted 
at 193-195°. From the reaction there were recovered 29 gm. of starting 
material. 

C,H »oONS-Cl. Caleulated. C24.6,H4.1,N 17.2 


Found. “363. * 36, * 72 


N*.(Pantoyltauryl)-2-aminothiazole (V), (SN 9667)—To 1.7 gm. of tauryl- 
2-aminothiazole hydrochloride in 2 ml. of warm water was added 0.6 gm. of 
sodium bicarbonate. The resulting brown solution was dried in vacuo over 
sulfuric acid and finally over phosphorus pentoxide. To the above mixture 
of tauryl-2-aminothiazole and sodium chloride was added 0.91 gm. of 
l-pantolactone, and the mixture heated at 80—90° for 2 hours. The product 
was extracted with 10 ml. of hot absolute ethanol, filtered, and the solvent 
removed under reduced pressure. The residual brown oil was washed 
repeatedly with cold acetone and finally dried in vacuo over phosphorus 
pentoxide, whereupon it solidified to a light brown powder. The product 
was soluble in water, but, on standing in solution, decomposed with evolu- 


| 
| 
| 

















ul 
si 


wi 
tio 


fol 
du 
the 


am 
hes 
in 
duc 
uct 


day 
cry: 


cok 
wat 


8-pl 
solu 


ethe 























MEAD, RAPPORT, SENEAR, MAYNARD, AND KOEPFLI 471 


tion of hydrogen sulfide. It was also unstable in moist air, but remained 
unchanged over long periods when kept over phosphorus pentoxide. No 
significant rotation could be observed. 


C),HysOsN sho. Calculated. C 39.2, H +B N 12.5 
Found. ** 39.5, “ 5.8, “ 12.8 


8-Phthalimidoethanesulfonylaminocycloherane—To 13.7 gm. of 8-phthal- 
jmidoethanesulfony] chloride dissolved in 250 ml. of acetone were added 
10.5 gm. of cyelohexylamine. The solution was refluxed for 1 hour and then 
poured into a large volume of water. The solid was recovered by filtration 
and recrystallized from ethanol to give 15 gm. of long colorless needles, 
m.p. 152-153°. 
CysN2oO NS. Calculated. C 57.1, H 6.0, N 8.3 
Found. ** 57.5, “* 6.2, “ 8.0 
Taurylaminocyclohexcane —The phthalimido compound was hydrolyzed 
with hydrazine hydrate and hydrochloric acid, as described for the prepara- 
tion of tauryl-2-aminopyridine. The taurylaminocyclohexane was obtained 
in quantitative vield by neutralization of the hygroscopic hydrochloride 
followed by evaporation of the aqueous solution and extraction of the resi- 


due with ethanol. On recrystallization of the crude product from ethanol, 


there was obtained a colorless product, m.p. 92-93°. 

d-Pantoyliaurylaminocycloherane (VI), (SN 3281)—To 6.2 gm. of tauryl- 
aminocyelohexane were added 4 gm. of ¢-pantolactone, and the mixture 
heated at 120° for 4 hours. The resulting oil was solidified by dissolving it 
in acetone and pouring the solution into dry ether, but it could not be in- 
duced to crystallize. There were thus obtained 9 gm. of the crude prod- 
uct, which was used for testing. A portion of this product was dissolved 
ina small amount of water, and this solution, after standing for several 
days, slowly deposited colorless crystals, which were filtered off and re- 
crystallized several times from water plus a few drops of ethanol, to give 
colorless needles, m.p. 125-126°. [a]%* = +2.7° (67 mg. in 2.0 ml. of 
water). 


C',,H.,0;N.8. Caleulated. + 50.0, H 8.4, N &.3 
Found. " oe Ss" oe 


8-Phthalimidoethanesulfonylaminooctadecane—To a solution of 20 gm. of 
8-phthalimidoethanesulfony] chloride dissolved in the minimum amount of 
benzene was added a solution of 41 gm. of octadecylamine in benzene. The 
solution was refluxed for 1 hour and then evaporated to dryness under 
reduced pressure. The residue (about 50 gm.) was recrystallized from 
ethanol to give 33 gm. of colorless plates, m.p. 109-109.5°. 
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CysHyO NS. Calculated. C 66.4, H 9.2, N 5.5 
Found. “oA, * 05, ° OF 
The alcoholic mother liquors were evaporated almost to dryness and 
poured into a large amount of ether, whereupon the octadecylamine hydro- 
chloride precipitated in a fairly pure form, m.p. 155-160°. 
Taurylaminooctadecane— The hydrolysis of the phthalimido compound 
was carried out with hydrazine hydrate, as described for the preparation of 
tauryl-2-aminopyridine. The combined precipitate of phthalhydrazide 
and taurvlaminooctadecane hydrochloride was centrifuged down, and, after 
removal of the excess hydrochloric acid by several washings with water 
followed by recovery of the precipitate by centrifuging, the solids were 
treated with two successive portions of normal sodium hydroxide solution, 
The product from this treatment was filtered, washed thoroughly with 
water, and dried over sulfuric acid. The resulting solid was twice crystal- 
lized from ethanol to give 16 gm. of colorless needles, m.p. 90-91°. The 
basic filtrate and washings could be acidified to recover the phthalhydrazide, 


CopHyOoNos. Caleulated, N 7.2; found, N 7.2 


d-Pantoyltaurylaminooctadecane (VII), (SN 3282)—To 19.8 gm. of the 
above taurvlaminooctadecane were added 7.5 gm. of /-pantolactone, and the 
mixture heated at 100° for 2 hours. The resulting solid was recrystallized 
from ethanol to give 23 gm. of colorless prisms, m.p. 98-100°. [a]? = 
+51.0° (46 mg. in 5.0 ml. of chloroform). 


CasHy sf NS. Calculated. C 61.7, H 10.7, N 5.5 
Found. “Gs, we,” as 


Attempted I reparation of Pantoyltauryl-9-aminoanthracene (SN 5923)- 
Although the instability of certain of the intermediates and of the final 
product has precluded satisfactory analyses, we wish to record the results 
obtained. 9-Nitroanthracene (10) was prepared and reduced to 9-amino- 
anthracene (11, 12) with stannous chloride. The’compound had a melting 
point of 148-151° but decomposed slowly on standing in a closed vessel. 
The anthramine was condensed with 3-phthalimidoethanesulfony! chloride 
in pyridine to give 8-phthalimidoethanesulfonyl-9-aminoanthracene (?) as 
a light buff-colored solid which did not melt below 300°. The phthalimide 
compound was hydrolyzed with hydrazine hydrate and the resulting 
tauryl-9-aminoanthracene hydrochloride (?) had a melting point of 205- 
206° (with decomposition) when recrystallized from ethanol. The hydro- 
chloride was neutralized with sodium bicarbonate and the free base re- 
crystallized from ethanol to give light buff-colored crystals, m.p. 174-175°. 
The free base gradually decomposed on standing and was therefore imme- 
diately condensed with /-pantolactone by heating for 3 hours at 120°. The 
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product was crystallized from cellosolve and light yellow crystals of pantoy!- 
tauryl-9-aminoanthracene (?), m.p. 219-220°, were obtained. Recrystal- 
lization from cellosolve or prolonged standing at room temperature was 
accompanied by decomposition, as evidenced by darkening. The analyses 
gave results too variable to be of significance. 


The authors wish to thank Dr. William Trager of the Rockefeller Insti- 
tute, Princeton, New Jersey, for his encouragement and suggestions and 
Dr. Carl Niemann and Dr. Edwin Buchman of this Institute for their advice 
and technical aid. We are indebted to Merck and Company, Inc., for a 
generous gift of /-pantolactone and 2-aminothiazole, to the American 
Cyanamid Company for a gift of 2-aminopyrimidine, and to Armour and 
Company for a gift of octadecylamine. The microanalyses, except where 
indicated, were performed by Dr. Gertrude Oppenheimer of this Institute. 


SUMMARY 


The preparation is described of a series of optically active derivatives of 
pantoyltaurine, in as pure a form as possible, for testing for antimalarial 


activity. 
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STUDIES ON CHOLINE ACETYLASE 
Hf. THE FORMATION OF ACETYLCHOLINE IN THE NERVE AXON 
By DAVID NACHMANSOHN, HEDDA M. JOHN, ann M. BERMAN 


From the Department of Neurology, College of Physicians and Surgeons, Columbia 
University, New York) 


teceived for publication, January 25, 1946) 


The high concentration of cholinesterase in the axon and its exclusive 
localization at the neuronal surface are one of the essential facts supporting 
the concept that the release of acetylcholine is directly associated with the 
nerve action potential; 7.¢., with the conduction of the nerve impulse (1, 2). 
The enzyme found in the axon is an esterase specific for acetylcholine (3). 
The presence of a specific and highly active enzymatic mechanism for the 
removal of acetylcholine in the axon indicates that the ester is metabolized 
there at a high rate and suggests the possibility that acetylcholine may be 
formed in the axon as well as at the synapse. 

Acetylcholine is, as shown by Nachmansohn and Machado, synthesized 
by an enzyme system, choline acetylase, which can be extracted from brain 
but not from other organs (4). Several properties of the enzyme have been 
described in previous communications (5-7). It appeared of interest to 
test whether or not choline acetylase occurs in the axon. 

The evidence that energy-rich phosphate bonds are the primary energy 
source during the recovery period following the action potential and may 
account for the electric energy released is based on observations on the 
electric organ (8). These organs are an accumulation of end-plates. Their 
action potential is therefore more comparable to the end-plate potential 
than to the axon potential. When it was concluded that energy-rich 
phosphate bonds should account for the resynthesis of the primary com- 
pound split during nerve activity, 7.e. acetylcholine, evidence for such a 
mechanism was offered with solutions prepared from brain. The presence 
of choline acetvlase in the brain could, however, still be attributed to the 
presence of nerve endings. No such objection is possible if the same 
enzyme mechanism is found in the peripheral fiber free of endings. It 
appears probable that the physicochemical mechanism of the end-plate 
potential is identical with that of the axon potential. Evidence that the 
complex energy-using enzyme system required for the formation of acetyl- 
choline is present in the axon would be new additional support for the as- 
sumption that the réle of the ester is not limited to the nerve ending but is 
of equal importance in the axon. ’ 

The peripheral fiber offers moreover a favorable material to correlate 


475 








| 
* 
4 
if 
‘ 
¢ 
{ 
4 
4 
i 
; 


me > 


poet 


- 








476 CHOLINE ACETYLASE. II 


directly acetylcholine metabolism and function. In the degenerating fiber 
it is easy to follow the decrease of enzyme activity and to compare it with 
the loss of conductivity. 

The presence of choline acetylase in the peripheral fiber has been reported 
in a preliminary note (9). In this paper the full material is presented. 


Methods 


The extract was prepared in the same way as was described previously 
(5,7). Six to seven rabbits were used for each experiment. The sciatic 
nerve was thoroughly ground in a homogenizer with phosphate buffer 
and silica. After centrifugation at 3000 r.p.m. for 5 minutes, all the 
additions described previously were made to the supernatant fluid and the 
solution was then put into the Warburg vessel. 0.5 cc. of cysteine (final 
concentration 0.02 m) was added, since previous observations indicate that 
even under strictly anaerobic condition the yield is better in the presence of 
this amino acid (7). The actual incubation time in all experiments was 20 
minutes at 37°. The amount of acetylcholine present was then tested on 
the frog rectus preparation. 

Section of the sciatic nerve was carried out under ether anesthesia and 
under strictly sterile conditions. 


Results 


The experiments in which choline acetylase has been prepared from 
guinea pig and rat brain have shown that satisfactory results are obtained 
if the approximately 3 ec. of enzyme solution used per vessel contain the 
equivalent of 400 to 500 mg. of tissue. The observations on cholin- 
esterase indicate that the rate of acetylcholine metabolism is lower in the 
fibers than in the regions which contain cell bodies and synapses. Con- 
sequently, it could be expected that the rate of acetylcholine metabolism 
would be lower in the fibers and that considerably less choline acetylase 
would be present there. It therefore appeared necessary to use at least the 
same amount of tissue as in the experiments with brain extracts in order to 
obtain satisfactory data. 

An advantage of the rabbit sciatic nerve as the material for testing the 
formation of acetylcholine by choline acetylase in normal and degenerated 
nerve fibers is the fact that its section is a simple operation. From six to 
seven rabbits it is easy to obtain a total of 1.0 to 1.5 gm. of nerve (fresh 
weight) from both right and left sides. This amount is sufficient to obtain 
solutions of suitable concentration for two vessels, one of which is used for 
the experiment in the presence of adenosine triphosphate, the second as 4 
control without the nucleotide. 

Only the difference between these two solutions (with and without 
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adenosine triphosphate) was used in the calculation of the acetylcholine 
formed. It is possible, however, that the small amounts of acetylcholine 
found in the control were also formed during incubation as a result of small 
amounts of preformed adenosine triphosphate. In that case the amounts 
actually formed would be slightly higher than those indicated. 

Normal Nerve Fibers 

The sciatic nerve contains a large amount of connective tissue. Since 
this tissue is rather tough and the grinding of the sciatic nerve and the 
preparation of a homogenized suspension are difficult, it takes some time 
and experience to achieve a complete or nearly complete extraction. In 
Table I the experiments are numbered in the chronological order in which 
they were carried out. It can be seen that in the later experiments higher 
yields were obtained than in the earlier ones. Whereas in the experiments 
up to No. 6 an average of 50 to 60 y of acetylcholine is formed per gm. per 
hour, most of the later values obtained in Experiments 7 to 14 vary be- 
tween 70 and 90 7; that for Experiment 13 is 106. In the very first ex- 
periments in which choline acetylase was determined in the sciatic nerve, 
the values were even lower than those recorded in Table I. The yields of 
70 to 90 y per gm. per hour appear to be close to the highest that can be 
expected with the methods used. 

The sciatic nerve contains a large amount of inactive tissue (connective 
tissue, fat,and myelin). Onthe assumption that this tissue forms about two- 
thirds of the total, which is a conservative estimate, the amount of acetyl- 
choline which can be formed in the axon of the rabbit sciatic nerve may thus 
be about 250 y per gm. per hour and is probably higher. 

Degenerating Nerve Fibers—It appeared of special interest to determine 
the activity of choline acetylase during degeneration and to test how this 
metabolism is related to the nerve function; 7.¢., to conductivity. Con- 
duction is still maintained 2 days after section, whereas after 3 days it has 
disappeared. Obviously, if the release of acetylcholine is responsible for 
conductivity, formation of acetylcholine should be possible at a rate not 
too far below normal as long as the nerte is able to conduct. The dis- 
appearance of conductivity, on the other hand, may or may not be due to a 
loss of choline acetylase activity, since many essential enzymes or factors of 
an entirely different nature involved in and necessary for conductivity may 
be impaired before choline acetylase is inactivated. 

48 hours after the section of the sciatic nerve, choline acetylase activity 
has decreased only about 20 to 25 per cent. It is obvious that Experiments 
10and 12 are more reliable than Experiments 3 and 5. In the former, the 
extraction was apparently complete, as the high normal value indicates. 
In the latter, the values are not yet maximal. Although it is probable that 
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in most cases the normal and the degenerated sides were ground in the same 
way, and that the relative values are therefore still comparable, as jp 
Experiment 5, it is possible that the small decrease in Experiment 3 is due 
to slightly more efficient extraction of the degenerated side. 

After 72 hours, the decrease is marked, but still about one-third of the 
enzyme is present. The slightly smaller decrease in Experiment 4 may be 
interpreted in the same way as was explained for Experiment 3. 

6 days after section, choline acetylase activity is no longer detectable. 


TABLE | 
Choline Acetylase in Normal and Degenerating Rabbit Sciatic Nerves 
The results of earlier experiments (Nos. 1 to 6), in which the extraction was prob 
ably not yet optimal, are put in parentheses. 


, Squivalent weigh sed , 
Total weight Equ aan usec Acetylcholine formed 





A Oh ~y Decreas 
Normal | ested | Normal Peted Normal ated 
hr em gm. m m. er y te a gg per cent 
1 0 1.30 1 .33° 322 328 (59.0) (49.5) 
2 0 1.34 1.33* 395 392 60.0 (61.0) 
13 0 1.62 1.40* 461 401 106.0 106.0 
3 $8 1.82 1.84 500 524 53.0) | (51.0) 
5 4S 1.54 1.84 530 586 (41.0) 32.8) 
10 48 1.57 1.52 486 433 87.0 68.4 21.4 
12 41s 1.73 1.24 107 103 92.7 68.1 26.7 
11 70 1.42 1.39 451 444 76.0 26.5 65.1 
6 72 1.28 1.66 460 575 (52.0) | (17.0) 
$ 72 0.94 1.41 340 195 (51.0) (29.0) 
9 72 1.69 1.64 526 511 73.5 23.0 68.5 
14 72 1.62 1.37 157 397 78.5 26.0 67.5 
7 144 1.68 1.73 522 135 77.0 0 100 
8 150 1.95 1.91 535 523 86.0 0 100 


* Control. 


DISCUSSION 


Two facts emerge from these observations: First, the cholinc-acetylating 
enzyme system is present in a relatively high concentration in the peripheral 
axon which is free of cell bodies and nerve endings. This high rate ol 
acetylcholine formation in the axon is consistent with the idea that the 
release of acetylcholine is responsible for the propagation of the nerve 
impulse along the axon as well as across the synapse. This finding is 
another important support for the assumption that no fundamental dif- 
ference exists in the physicochemical mechanism of these two events, a 
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assumption for which a strong body ef evidence already exists from bio- 
chemical as well as biophysical data. It is difficult to believe that such a 
complex and specific enzyme system is present in the axon but has no 
function there, or that the function of the acetylcholine, formed at a high 
rate in the axon as well as at the synapse, changes suddenly when the im- 
pulse reaches the nerve ending. 

The second essential fact is the evidence that the enzyme system has not 
markedly decreased after 48 hours, when the axon is still able to conduct 
impulses. The decrease of 25 per cent is easily compatible with the as- 
sumption that this enzymatic mechanism is required for conduction. 
These results are in contrast to those of Feldberg (10) who recently claimed 
to have evidence for a synthesis of acetylcholine in the nerve fiber in vitro 
and that this synthesis becomes impossible 2 days after section of the fiber. 
He considers his results as an indication against the assumption of a réle 
of acetylcholine in conduction. 

The conditions and methods used by Feldberg are, however, inadequate 
for testing the synthesis of acetylcholine. He worked under conditions in 
which there was no supply of energy necessary for the synthesis. He kept 
chopped nerve fibers of cats and sheep for 2 hours in oxygenated Locke’s 
solution, with the basic assumption that he had the same condition as did 
Quastel, working with brain slices. There is, however, a decisive difference. 
Brain slices have a high rate of respiration, since the cells remain intact and 
there is, therefore, sufficient energy to build up adenosine triphosphate, 
whereas in chopped fibers the respiration disappears rapidly. After 2 hours 
of incubation Feldberg found 1| to 2 y of acetylcholine per gm. of nerve above 
the control. We consider this difference to be due to the use of different 
methods of preparing the control and the experiment, which leads to slightly 
lower values in the control. Indeed, Feldberg’s figures show that if the 
two methods of extraction are compared without incubation the difference 
is the same as between control and incubated nerve. His observations do 
not offer any evidence for a synthesis in the fiber and his failure to find any 
synthesis in degenerating nerve cannot be used as evidence against the 
concept presented above. ® 


SUMMARY 

Choline acetylase has been extracted from the rabbit sciatic nerve. A 
solution prepared from 1 gm. of these nerve fibers forms 70 to 90 y of 
acetyleholine per hour as compared with 150 to 200 y per hour in solutions 
prepared from rat or guinea pig brains. 

The presence of the complex energy-requiring enzyme system in the 
herve axon, ¢.c. that part of the neuron which does not contain nerve end- 
ings and cell bodies, is further support for the assumption that acetyl- 
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choline may not only be essential for the transmission of the nerve impulse 
across the synapse but also for its propagation along the axon. 

In the degenerating nerve fiber the enzyme activity decreases slowly, 
48 hours after section only 20 to 25 per cent of the initial activity is lost. 
At that time conductivity is still possible. 72 hours after section, when 
conductivity has disappeared, the enzyme activity has decreased by two- 
thirds. No enzyme was found 6 days following section. The results are 
consistent with the assumption that the release of acetylcholine is assoei- 


ated with conductivity. 
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REVERSAL OF THE ACTION OF PHENYL PANTOTHENONE BY 
CERTAIN AMINO ACIDS 


By D. W. WOOLLEY* 
(From the Laboratories of The Rockefeller Institute for Medical Research, New York) 


(Received for publication, February 16, 1946) 


Phenyl pantothenone, the phenyl ketone analogue of pantothenic acid, 
has been shown to cause inhibition of microbial growth, and this action 
has been found to be reversible competitively by pantothenic acid (1). 
However, the antagonism exerted by pantothenic acid occurred only in the 
case of organisms which were stimulated to grow by that vitamin; those 
species which synthesized their own supply of the growth factor were not 
protected against the toxic action of phenyl pantothenone by the vitamin. 
Astudy has now revealed that there is in natural products something which 
will antagonize the action of phenyl pantothenone in these latter species. 

Attempts were made to isolate and identify this active constituent of 
natural products, for it was hoped that a knowledge of its nature might 
furnish some clue to the mode of action of pantothenic acid. A survey 
showed that one of the best sources of the factor was an acid hydrolysate of 
easein. Fractionation of this material indicated that potency resided in 
the butanol residue after repeated extraction of an aqueous solution, and, 
since arginine, histidine, lysine, glutamic acid, aspartic acid, serine, threo- 
nine, and glycine are known to occur in such a fraction, these amino acids 
were tested for their ability to reverse the antimicrobial action of phenyl 
pantothenone. 

Some of these amino acids were active in this regard. Histidine was the 
most effective, but, since it was rather toxic for the test organism, there 
was only a narrow range between effective and toxic doses. Glutamic acid 
was quite active and proline, glycine, aspartic acid, or asparagine was less 
so. Alanine, lysine, serine, or threonine showed some activity, but the 
remaining known amino acids were unable to protect against the inhibition 
caused by phenyl pantothenone. Those amino acids which were effective 
were each about as potent singly as in combination with each other. 


EXPERIMENTAL 
Method of Assay—The synthetic basal medium used previously (1) for the 
growth of Saccharomyces cerevisiae was supplemented with 0.14 y of calcium 


pantothenate and 160 7 of phenyl pantothenone per cc. In this medium 
little if any growth of Saccharomyces cerevisiae occurred under the condi- 


’ 
* With the technical assistance of Ruth A. Brown. 
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tions of assay, but, if the phenyl pantothenone was omitted, very good 
multiplication resulted (see Table I). As reported earlier (1), additional 
amounts of pantothenic acid were unable to nullify the action of pheny! 


pantothenone in this basal medium. The inoculum and conditions of 


incubation and the manner of estimating growth were the same as used 
before. Time of incubation was 20 to 24 hours. Mateyials to be assayed 
were added in graded doses to this basal medium, and, if growth occurred 
when this was done, it was concluded that an antagonist to pheny] panto- 
thenone was present. 

Natural Occurrence of Antagonists to Phenyl Pantothenone As Measured 
with Saccharomyces cerevisiae— Bacteriological broth or peptone caused 
complete reversal of phenyl pantothenone inhibition of growth at about 
5 mg. per ec. of culture. Liver extract had approximately the same po- 


Taste | 


Effect of Glutamic Acid on Growth of Saccharomyces cerevisiae in Presence of Phenyl 


Pantothenone and Pantothenic Acid 


d-Glutamic acid Pheny! pantothenone rurbidity* 
meg. per cc y per 
0 0 $2 
0 160 OS 
0.4 160 OS 
OLS 160 4 
1.6 160 64 
3.3 160 1] 
1.6 0 29 
0.4 0 31 


* Expressed as per cent of the incident light transmitted. 
. 
tency, while “‘tryptone”’ was about twice as effective. 
of vitamin-free casein gave half maximal reversal at 1.2 mg. per cc., and 


An acid hydrolysate 


complete counteraction at 2 mg. 
Fractionation of Casein Hydrolysat 
(S. M. A. Corporation) in 5 per cent solution at pH 6 was extracted ten 
times with butanol, the extracted material was found to be inactive when 
tested at a level equivalent to an effective dose of the starting material, 
Phosphotungstie 
Ionic exchange 


When acid-hydrolyzed casein 


while the butanol residue contained all the activity. 
acid divided the activity between precipitate and filtrate. 
resins (Amberlite), designed for the removal of bases, adsorbed only part 


of the active material from solution. These facts suggested that a mixture 


of amino acids might be involved, and that the butanol-extractable acid: 


were not primarily responsible. These suppositions were shown to bé 


correct by tests with pure compounds. 
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Reversal of Action of Phenyl Pantothenone by Various Amino Acids—In 
Table II are listed the amounts of the various amino acids which caused 
half maximal stimulation of growth (7.e., half maximal reversal) in the 
presence of phenyl pantothenone. Histidine was the most active, but 
levels above 1.6 mg. per ec. of culture were completely inhibitory of growth 
of Saccharomyces cerevisiae even in the absence of phenyl pantothenone. 
In view of this fact, glutamic acid was the most suitable reversing agent. 
The di form possessed just half of the activity of the optically active acid. 
This also was true of proline. 

The antagonism between phenyi pantothenone and glutamic acid could 


Taste II 


Effect of Various Amino Acids on Growth of Saccharomyces cerevisiae Inhibited by 
Phenyl Pantothenone 
The tests were performed in the presence of 160 y of phenyl pantothenone and 
0.14 y of pantothenic acid per ec. 


Amount required Amount required 
Amino acid for half Amino acid or ha 
maximal growth maximal growth 
meg. per cc. mg. per cc. 
1. Glycine 2.6 12. l-Aspartic acid 2.5 
2. dl-Alanine >3.0* 13. /-Asparagine 2.5 
3. dl-Valine ateerataip at3.4. 14. d-Glutamie acid 1.2 
{. dl-Isoleucine ‘3.4 | 15. dl-Glutamic acid 2.4 
5. dl-Leucine “3.4 | 16. l-Proline | 2.3 
6. dl-Phenylalanine see 34 «17. dl-Methionine No effect at 3.4 
7. dl-Serine >3.0 18. /-Cystine | 
8. dl-Threonine >3.0 19. dl-Tryptophane eT ae 
9. d-Arginine No effect at 3.4) 20. l-Tyrosine a oe ae 
10. d-Lysine >34 (7 +8 + 12 + 14) | 13 
Il. l-Histidine 0.26 (1 + 2 + 16) | 2.4 


*This denotes some activity but indicates that half maximal growth was not 
produced by the greatest concentration of amino acid tried. 


be demonstrated only over a limited range of concentration. For example, 
half maximal effect was noted with 0.12 mg. of the glutamic acid in the 
presence of 80 y of the vitamin analogue, and with 1.2 mg. of the acid in the 
presence of 160 y of the analogue. A point was soon reached (as the con- 
centration of phenyl pantothenone was raised) beyond which it was not 
possible to cause reversal. For example, with 600 y of phenyl pantothe- 
none no detectable effect was produced by 5 mg. of glutamic acid. 

The results of the tests were complicated because of the fact (2) that 
many of the amino acids caused slight acceleration of growth of Saccharo- 
‘myces cerevisiae in the basal medium in the absence of phenyl pantothenone. 
However, the concentrations needed for maximal growth-promoting effect 
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were much less than those involved in the reversal of the action of pheny| 
pantothenone (see Table 1). It was therefore possible to exclude this cause 
of error by additions of small amounts of a given amino acid to the test 
medium. 

Antagonism between Amino Acids and Phenyl Pantothenone in Lacto- 
bacillus casei—Since the antagonism between amino acids and phenyl 
pantothenone had been established with an organism which did not require 
preformed pantothenic acid in the growth medium, experiments were 
done to determine whether similar relationships held for species which 
needed this vitamin, and in which competition between phenyl panto- 
thenone and pantothenic acid could be demonstrated. Trials with L. casei, 
one of this second class of species, showed that the situation was much like 
that with Saccharomyces cerevisiae in that glutamic acid and glycine re- 
duced the toxicity of phenyl pantothenone, and that the former amino acid 


TasBLe III 


Effect of Glutamic Acid on Inhibition of Growth of Lactobacillus casei Caused 
by Phenyl Pantothenone 


Phenyl! pantothenone required to cause half 


d-Glutamic acid maximal inhibition 
me. per cc. y per c 
= IS 
3.2 22 
5.2 34 
9.2 36 


* This was the amount of glutamic acid contained in the basal medium. 


was more active in this respect than was the latter. The tests were con- 
ducted by determining the amount of the inhibitor (phenyl pantothenone) 
which would cause half maximal inhibition of growth in the presence of 
varying amounts of the amino acid. The medium and procedure involved 
have been described (1). Glutamic acid was present in the basal medium, 
since L. casei failed to grow without it (3), but additional quantities of this 
amino acid decreased the toxicity of phenyl pantothenone (see Table III). 
Complete reversal of the effect of a fully growth-suppressing dose of the 
inhibitor could not be achieved by glutamic acid. This was in contrast to 
the results with Saccharomyces cerevisiae. 


DISCUSSION 


The antagonism between the vitamin analogue, phenyl pantothenone, 
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and the structurally dissimilar amino acids such as histidine, glutamic acid, 
and proline illustrates a phenomenon which is not unique in the relation- 
ships of metabolites and their competing analogues. For example, the 
action of the sulfonamides is reversed by the analogous metabolite p-amino- 
benzoic acid, but also by the structurally dissimilar amino acid methionine 
(4), or by adenine (5). Furthermore, the bioldgical effects of 3-acetyl- 
pyridine are negated by the related metabolite nicotinic acid, but just as 
well by the unrelated amino acid tryptophane (6,7). In like manner, the 
manifestations produced by glucoascorbic acid are prevented by ascorbic 
acid in guinea pigs (8), and by a substance in certain plants (9). This 
material appears to be of protein or peptide nature, since it is destroyed by 
proteolytic enzymes (unpublished data). The situation with glucoascorbic 
acid is similar to the one with phenyl pantothenone, for in both cases the 
inhibitor was reversed in its action by the related vitamin only in those 
species Which were unable to synthesize their own supply of the vitamin; 
for those that could perform this synthesis, the effects of the inhibitor could 
be antagonized only by the structurally dissimilar substance. 

From these examples it appears that, in general, inhibitory structural 
analogues, which behave competitively with their related vitamin or other 
metabolite, may be antagonized in their action by structurally dissimilar 
natural substances as well as by the structurally related metabolite. Fre- 
quently these other antagonists are amino acids. 


SUMMARY 


The antimicrobial action of phenyl pantothenone, a structural analogue 
of pantothenic acid, was reversed by certain amino acids. This antag- 
onism with amino acids was found with all species examined, while, as was 
known previously, the antagonism with pantothenic acid was operative 
only in those organisms which were stimulated in growth by the vitamin. 
For Saccharomyces cerevisiae, histidine was the most active amino acid in 
causing reversal of the inhibition of growth produced by phenyl panto- 
thenone. Glutamic acid was next in line of activity, while proline, aspartic 
acid, asparagine, and glycine were less effective. Some potency was dis- 
played by serine, threonine, alanine, and lysine but other amino acids were 
not effective. Similarities of the relationship of phenyl pantothenone, 
pantothenic acid, and certain amino acids to that of the sulfonamides, 
paminobenzoic acid, and methionine, and of that of 3-acetylpyridine, 
nicotinic acid, and tryptophane have been pointed out. 
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THE RIBONUCLEINASE OF THE SOY BEAN 
I. ISOLATION OF THE ENZYME* 


By MAX SCHLAMOWITZ anp R. L. GARNER 


(From the Department of Biological Chemistry, Medical School, University of Michigan, 
Ann Arbor) 


(Received for publication, February 14, 1946) 


The hydrolysis of nucleic acids by direct chemical methods is recognized 
as a rather unsatisfactory procedure for the preparation of nucleotides 
and nucleosides in that the mixtures obtained are difficult to separate and 
the yields of the desired products are low. Enzymatic hydrolysis should 
prove applicable to this problem and has been used, with limited success, 
for obtaining degradation products of both ribonucleic and desoxyribo- 
nucleic acids (1-4). Owing to the difficulties attending the preparation of 
the necessary enzymes, however, enzymatic methods of hydrolysis have 
not been widely used. 

The enzymes which effect the hydrolysis of the nucleic acids and their 
intermediate breakdown products have been grouped together under the 
name nucleases and, according to Levene and Medigreceanu (5) and 
Bredereck (6), fall into three classifications according to the substrates 
upon which they act. These are, respectively, the polynucleotidases, the 
nucleotidases, and the nucleosidases. No attempt will be made here to 
review the literature concerning the nucleases. It should be pointed out, 
however, that there is considerable confusion in this literature concerning 
the specificity and the nomenclature of these enzymes. Thus, the active 
agent which effects the rupture of the ribonucleic acid molecule without 
the release of inorganic phosphate has been referred to by various workers 
as ribonucleode polymerase (7), ribonuclease (8), polynucleotidase (9), ribo- 
nucleinase (10), and even as nucleotidase (11). Some of this confusion 
arises naturally from the fact that the enzyme preparations were not pure 
and exhibited different degrees of specificity. There has been no recent 
and systematic investigation of the nucleases from the point of view of 


* A part of a thesis submitted by Max Schlamowitz to the Graduate School of the 
University of Michigan in partial fulfilment of the requirements for the degree of 
Doctor of Philosophy. 

‘In this paper we have used the term nuclease activity as indicative of the presence 
of enzymes which promote the hydrolysis of ribonucleic acid with the formation of 
inorganic phosphate. The term ribonucleinase is used to designate an enzyme which 
brings about the formation of degradation products of ribonucleic acid in which the 
phosphorus is retained in organic combination. For a justification of this name see 
Loring and Carpenter (10). 
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modern enzyme and protein chemistry and, with the exception of the 
ribonucleinase of the pancreas which has been obtained by Kunitz (g) 
in a crystalline form, no member of the nucleases has been prepared jn g 
well defined state of purity. 

This paper presents the results of the first of a series of studies in which 
it is planned to isolate and, if possible, to purify the components of a sys. 
tem of nucleases. The purpose of the research is twofold: to study the 
chemical composition and specificity of the enzymes, and to attempt their 
preparation in a quantity sufficient to serve for fairly large scale hydrolyses 
of ribonucleic acid. 

The starting point of the investigation was the selection of a source of 
the enzymes. In 1930, Jono (12) reported that the seeds, stems, and 
leaves of a number of plants contained nucleases. Among the species jn- 
vestigated, the common soy bean exhibited a comparatively high activity 
in the hydrolysis of ribonucleic acid. The nuclease activity was evidenced 
by the increase of inorganic phosphate in the mixtures of the ribonucleic 
acid and extracts of the beans. Since the soy bean is readily available in 
quantity, it was decided to reinvestigate this reported nuclease activity. 
In so far as it has been possible to determine, there has been no mention 
in the literature of the soy bean nuclease apart from this initial report. 

Our first experiments confirmed the finding that extracts of germinated 
soy beans were capable of promoting the hydrolysis of ribonucleic acid. 
A number of attempts were made to purify and to concentrate this nuclease 
activity but these were uniformly unsuccessful in that they led to prepara- 
tions which exhibited no greater activity than did the original crude ex- 
tracts. Frequently the activity was entirely destroyed by relatively mild 
treatment. The techniques employed in these experiments included 
precipitations with organic solvents, salting-out procedures, and attempts 
to adsorb and elute the activity with various inert adsorbents. These 
experiments will not be reported in detail here, as they led to little informa- 
tion concerning the nuclease activity. 

In order to explain these failures to concentrate the nuclease activity, 
it was assumed that the observed breakdown of the ribonucleic acid might 
be due to the combined actions of more than one enzyme. Subsequent 
studies have proved the presence of two enzymes in the crude extracts, 
The first of these has been identified as a ribonucleinase whose action 8 
to convert ribonucleic acid into products which are soluble in glacial acetic 
acid but which retain the phosphorus of the substrate in organie combina 
tion (10). The second enzyme is responsible for the formation of the in- 
organic phosphate in the substrate-extract mixtures and is believed to be 
phosphomonoesterase. It has not been well studied, as it is destroyed in 
the course of the isolation of the nucleinase. 
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Ribonucleinase has been isolated in a crystalline form from pancreatic 
tissue (8) and has been detected in blood (13), bone marrow (14), spleen 
(14), and Pasteurella pestis (15). We have now demonstrated its occur- 
rence in the higher plants by the preparation of highly active solutions 
from soy bean seedlings. From this pattern of distribution it might be 
concluded that ribonucleinase is an important agent in intercellular metab- 
olism. The products of its action upon ribonucleic acid are, however, not 
definitely known (15) and its physiological function within the cell must 
be clarified by further research. 

The work reported here is primarily concerned with the proof of the 
occurrence and the isolation of the nucleinase. The preparation of the 
enzyme in larger quantities and the more detailed investigation of its re- 
action characteristics are in progress in this laboratory and will be the 
subject of a later communication. 


EXPERIMENTAL 


Materials The nucleic acid used in these studies was a commercial 
preparation of yeast sodium nucleate.? In the earlier experiments this 
material was used without purification. Later it was found that the 
preparation contained material, presumably of the nature of mononucleo- 
tides, which inhibited nucleinase activity. For all subsequent work, there- 
fore, the yeast sodium nucleate was converted into ribonucleic acid and 
purified according to the procedure of Kunitz (8). After this work was 
completed and was being prepared for publication a report by Zittle (16) 
appeared which emphasizes the presence of nucleinase-inhibiting substances 
in some of the commercially available nucleic acids. 

The soy beans were a common variety of field beans, Glycine hispida 
var. Manchu.?. The beans were sprouted under conditions which dis- 
couraged mold growth and the seedlings were macerated and extracted 
with a 40 per cent solution of glycerol. The following procedure has been 
found satisfactory for the sprouting of the beans and the preparation of 
the extracts. 

A weighed quantity of the soy beans was washed with a 0.05 per cent 
solution of calcium hypochlorite. They were thoroughly rinsed with 
distilled water and permitted to stand in water overnight. The swollen 
beans were again washed with the calcium hypochlorite solution and 
thoroughly rinsed with distilled water. They were then placed in wide 
mouth reagent jars, each of which received approximately 150 gm. of the 
swollen beans. The jars were closed with a double layer of cheese-cloth 


* We wish to express our appreciation to Standard Brands Incorporated for their 
gift of the yeast sodium nucleate and to the Ferry Morse Seed Company who kindly 
furnished the soy beans used in this investigation. 
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and were supported in an inverted position to facilitate drainage of excess 
water. The germination was carried out in a dark room at a temperature 
between 20-25°. At approximately 8 hour intervals, the jars were filled 
with water and emptied, a procedure which served to maintain a moist 
atmosphere and to wash out developing bacteria. After 96 hours the 
sprouts were between 3 and 4 cm. in length. Under the conditions de- 
scribed a germination of nearly 100 per cent was obtained and no mold 
growths or other visible contaminations were encountered. 

The sprouted beans were removed from the jars and weighed. They 
were then mixed with glycerol and water in proportions which were caleu- 
lated in the following manner. Each 100 gm. of the dry beans were to be 
extracted with 750 ml. of 40 per cent glycerol. Since a considerable por- 
tion of the required water had been absorbed by the beans in the course 
of the germination process, the difference between the weights of the dry 
and germinated beans was subtracted from the calculated water require- 
ment. The exact procedure is illustrated by a typical example. 

Dry beans, 500 gm., were calculated to require 3750 ml. of extraction 
medium to be composed of 1500 ml. of glycerol and 2250 ml. of water. 
The weight of the sprouted beans was 1550 gm., of which 1050 gm. were 
water absorbed in the process of germination. The sprouted beans were, 
therefore, mixed with 1500 ml. of glycerol and 1200 ml. of water. This 
mass was thoroughly homogenized in a Waring blendor and placed in the 
refrigerator for 48 hours. The fluid was then pressed out through cheese- 
cloth and the extract was centrifuged. The heavy, cream-colored super- 
natant fluid was covered with toluene and stored in the refrigerator. This 
material is referred to as the crude extract from which all subsequent enzyme 
preparations were derived. When preserved as indicated, it retains its 
activity for many months. 

Methods—-The nuclease activity of the various preparations was measured 
by the determination of the increase of inorganic phosphate in the mixtures 
of the extract and ribonucleic acid. Since some of the degradation products 
of the ribonucleic acid react with molybdic acid, it was necessary to carry 
out a preliminary precipitation of the phosphate before it was determined 
by the Fiske-Subbarow method (17). 

A 5 ml. aliquot of the enzyme-substrate mixture was pipetted into 5 ml. 
of a 20 per cent solution of trichloroacetic acid contained in a conical centri- 
fuge tube. The mixture was stirred for several minutes and was centri- 
fuged. An appropriate aliquot of the supernatant fluid, usually 5 ml., was 
mixed with 5 ml. of magnesia mixture (18), and the acidity of the solution 
was adjusted to pH 5.5 by the careful addition of concentrated ammonium 
hydroxide. 1 ml. of the ammonium hydroxide in excess was added and 
the mixture was placed in the refrigerator for 24 hours. The ammonium 
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magnesium phosphate was centrifuged and was washed once with 1.5 ml. 
of ice-cold 2 per cent ammonium hydroxide. The washed precipitate was 
dissolved in 1 ml. of the acid solution, Molybdate II, of Fiske and Subbarow 
(17) and the solution was quantitatively transferred to a 25 ml. volumetric 
flask. The aminonaphtholsulfonic acid solution (17) was added and the 
solution was made up to volume. After 5 minutes the intensity of the 
color was determined with a photoelectric colorimeter. 

The determination of ribonucleinase activity was based upon the fact 
that the intact nucleic acid molecule is precipitated by glacial acetic acid, 
whereas the products of nucleinase action are soluble in this reagent (8, 15). 
Aliquots of the material to be analyzed were pipetted into 5 times their 
volume of glacial acetic acid. The mixtures were filtered and the total 
phosphorus in the filtrates was determined by the perchloric acid method 
of King (19). The increase in the total phosphorus soluble in glacial acetic 
acid, appropriately corrected for the controls, was a convenient measure 
of the ribonucleinase activity. 

Expression of Enzyme Activity—As no detailed study has been made of 
the phosphomonoesterase, the nuclease activity of the crude extracts has 
been expressed simply as the increase in phosphate phosphorus per ml. of 
the incubation mixture. 

The nucleinase unit employed in the later experiments is defined as that 
amount of the enzyme which will bring about an increase of 1 mg. of acid- 
soluble phosphorus in 24 hours in a mixture of the enzyme and a 1.0 per 
cent solution of ribonucleic acid at pH 6.2 at 30°. The total nitrogen of 
each enzyme solution was determined by the micro-Kjeldah] method (20) 
and the amount of an enzyme preparation used in a particular experiment 
is expressed in terms of its content of nitrogen. Willstitter and Kuhn 
(21) have emphasized that the expression of the concentration of an enzyme 
should be in terms of the number of units contained in a given amount of 
the preparation, a quantity which they term the enzyme value. We have 
calculated our results in terms of the ribonucleinase value which is defined 
as the number of ribonucleinase units per mg. of nitrogen present in the 
enzyme preparation. The ribonucleinase value affords a convenient basis 
for the comparison of the activity and degree of purity of the various en- 
zyme preparations. 


Results 


Nuclease Activity of Soy Bean Extracts—The selection of germinated soy 
beans as the better source of the nuclease activity was made upon the basis 
of a comparison of the activities of extracts of dormant and sprouted beans. 

Two enzyme solutions were prepared. The first was a 40 per cent 
glycerol extract of 5 gm. of finely ground soy beans. The second was a 

















492 SOY BEAN RIBONUCLEINASE 


40 per cent glycerol extract of 5 gm. of beans which had been sprouted jp 
the manner described above. The volumes of the two extracts were ap- 
proximately equal. Duplicate experiments were set up in which 2 ml. of 
the appropriate extract were mixed with 40 ml. of a 1.0 per cent solution 
of yeast sodium nucleate in 0.02 m citrate buffer of pH 6.2. Control tubes, 
two of which contained only the enzyme solutions and the third of whieh 
contained the buffered substrate alone, were incubated simultaneously with 
the experimental mixtures at 30°. At approximately 24 hour intervals ali- 
quots of the various solutions were withdrawn and analyzed for their content 
of inorganic phosphate in the manner which has beendescribed. The results 
of the analyses were calculated in terms of increases in inorganic phos- 
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Fic. 1. Comparison of the nuclease activities of dormant and sprouted soy beans 


phate per ml. of solution, appropriately corrected for the changes observed 
in the control tubes. 

The results of the experiment are presented in Fig. 1. It is evident 
that the crude extract of the sprouted beans contained a considerably 
greater nuclease activity than did the extract of the dry beans. It is not 
implied that the enzymes present in the two extracts are identical; the 
experiment merely indicated that germinated beans contained a greater 
concentration of nuclease activity and for this reason subsequent work 
was carried out upon the sprouted beans. 

Demonstration of Dual Nature of Nuclease System 
in an earlier paragraph that the usual methods for the concentration of 
enzyme solutions were not applicable to the purification of the nuclease 
activity of the crude soy bean extracts. In the course of these attempts to 
purify the extracts, however, it was observed that the trichloroacetic acid 
filtrates prepared from the control tubes which contained only ribonuclei¢ 
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acid were usually turbid, whereas the corresponding filtrates from the 
experimental mixtures were frequently clear. Although the turbidity 
interfered in no way with the determination of the inorganic phosphate, 
consideration of the phenomena led to the conclusion that the turbidity 
was due to the precipitation of unaltered ribonucleic acid in a very finely 
divided form. The fact that the filtrates from mixtures which contained 
the enzyme preparations were frequently clear led to the speculation that 
the ribonucleic acid had been altered by the extracts, although nuclease 
activity was not evident from the results of the analyses for inorganic 


phosphate. 
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Fic. 2. Comparison of the nuclease and ribonucleinase activities of soy bean 


extracts. 


Accordingly, an experiment was set up in which each aliquot of the 
ribonucleic acid-soy bean excract mixture was analyzed for acid-soluble 
phosphorus as well as for its content of inorganic phosphate. The details 
of the experiment were identical with those described above for the detec- 
tion of the nuclease activity of the extract of the germinated seeds. The 
results are presented in Fig. 2 from which it is evident that the extract was 
capable of forming acid-soluble phosphorus from the ribonucleic acid at a 
greater rate than it released inorganic phosphate. The experiment was 
considered as indicative of the presence of two enzymes in the crude extract, 
one of which was responsible for the increase in the acid-soluble phosphorus, 
and the second for the formation of the inorganic phosphate. 

Isolation of Ribonucleinase-—A number of orientation experiments were 
carried out in an attempt to determine the best method for the separation 
of the two enzymes. It was found that the phosphomonoesterase activity 
Was sensitive to acid, whereas the ribonucleinase activity was not only 
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stable to acid but was also moderately resistant to inactivation by heat 
The following procedure has served to prepare ribonucleinase solutions of 
a good degree of activity. 

The crude glycerol extract of the sprouted soy beans, 1500 ml., was 
diluted with an equal volume of water and the acidity adjusted to pH 40, 
The solution was placed in the refrigerator for 3 hours and was then partially 
neutralized by the addition of concentrated ammonium hydroxide to pH 
1.8. The preparation was placed in the refrigerator for 12 hours and wag 
then centrifuged. The precipitate was discarded. The solution was 
placed in cellophane bags and dialyzed against cold, running dis. 
tilled water for 48 hours. The preparation was removed from the 


TABLE | 
Activity of Concentrated Rigonucleinase 
1 ml. of the concentrated enzyme was added to 20 ml. of each substrate. Com- 
mercial substrate refers to a 1.0 per cent solution of the yeast sodium nucleate in 
0.02 m citrate buffer of pH 6.2 and the purified substrate refers to a 1.0 per cent 
solution of reprecipitated ribonucleic acid which had been neutralized with sodium 
hydroxide and made up in the citrate buffer. The experimental and control tubes 
were incubated at 30°. The values listed are in terms of micrograms of phosphorus 


per ml., appropriately corrected for the controls 


Incubation time Substrate | Nuclease sexi nor | Ritoanceionaeectcly 
hrs. 
0 Commercial 0.0 0.0 
0 Purified 0.0 0.0 
24 Commercial 34.2 270 
24 Purified 9.9 470 
48 Commercial 52.5 292 


dialysis sacs and was filtered from the slight sediment which had formed 
in the course of the dialysis. The filtrate was concentrated in vacuo 
to a volume of 380 ml. During the concentration the temperature was 
not permitted to go above 30° and the pressure varied from 12 to 17 
mm. of mercury. The resulting solution has been designated the con- 
centrated ribonucleinase solution. 

Solutions prepared in this manner exhibited strong ribonucleinase ae- 
tivities and contained most of the enzyme present in the original crude 
extracts. The removal of the phosphomonoesterase activity was more or 
less complete, as evidenced by the low values which were obtained in the 
assays for nuclease activity. 


* The ribonucleinase of the pancreas has been shown to be remarkably stable to 
heat inactivation (8, 22). 
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In the course of the determination of the activity of these concentrated 
ribonucleinase solutions, it was observed that the commercial yeast sodium 
nucleate contained material which inhibited the action of the nucleinase. 
An illustration of this inhibition is seen in Table I in which the assay of 
one preparation of the ribonucleinase was made against the commercial 
substrate as well as against a sample of purified ribonucleic acid. These 
data not only show the inhibition of the ribonucleinase but also indicate 
that this material, presumably of mononucleotide nature (16), leads to an 
enhanced value for the monophosphatase activity. This latter effect is 
possibly due to the fact that the presence of mononucleotides in the sub- 
strate furnished material upon which the monophosphatase acts readily. 
In all subsequent work the substrate of choice was the purified ribonu- 
cleic acid. 


Fractionation of Concentrated Ribonucleinase by Precipitation with 
Ammonium Sulfate 


Concentrated nucleinase 
| Make 0.5 saturated with (NH,).SO,; filter 


+ 
Filtrate Ppt. 
| Dialyze 36 hrs. Dialyze 36 hrs.; dissolve 
in water 
Fraction B | 
| Make 0.8 saturated with Fraction A 
| (NH,).SO,; filter; dis- Make 0.5 saturated 
| eard filtrate; dissolve with (NH,).S0,; 
ppt. in water; make fie 2 ee . filter 
0.45 saturated with | 
(NH,)280,; filter Ppt. : Filtrate 
Dissolve in water; Increase (NH,).SO, con- 
dialyze 36 hrs.; filter; centration to 0.8 
discard ppt. Solu- saturation; discard 
tion is Fraction NX filtrate; dissolve ppt. 


in water; dialyze 48 
hrs.; filter; diseard 
ppt. Solution is 
Fraction Y 





| 
” . 
Filtrate Ppt. 
Dialyze 48 hrs. Dissolve in water; dialyze 48 hrs.; filter; discard ppt. 
Solution is Fraction D 
Fraction C 


Make 0.6 saturated with 
(NH,).SO,; filter 





— 7 ; 
Filtrate Ppt. 
Increase (NH,).SO, concentration Dissolve in water; dialyze 48 hrs.; 
to 0.8 saturation; filter; discard discard ppt. Filtrate is Fraction 
filtrate; dissolve ppt. in water; BE 


dialyze 48 hrs.; discard ppt. Solu- 
tion is Fraction F 


| 
! 
| 
| 
! 
| 
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Further Purification of Ribonucleinase—The concentrated ribonucleinase 
solutions were further purified by fractional precipitation with ammonium 
sulfate. The accompanying scheme shows this fractionation which cop. 
sisted of the addition of ammonium sulfate to the desired concentration, 
removal of the precipitated protein, dialysis of the filtrate and of the re. 
dissolved precipitate, and refractionation of these two solutions. All of 
these operations were carried out between 5-10°. The various fractions 
thus obtained were assayed for ribonucleinase activity in the usual manner, 


Taste II 


Distribution of Ribonucleinase Activity between Fractions Obtained by Precipitation 
with Ammonium Sulfate 

The data summarize two experiments, Nos. Land II. The fractions refer to the 
preparations described in the scheme. The substrate was 20 ml. of 1.0 per cent solu- 
tion of purified ribonucleic acid in 0.02 m citrate buffer of pH 6.2. The enzyme was 
added to the substrate in quantities of 0.2 to 1.0 ml., depending upon the activity 
of the fraction. Enzyme concentrations are given in terms of micrograms of enzyme 
nitrogen per ml. of the incubation mixture. The ribonucleinase activity figures are 
in terms of micrograms of increased acid-soluble phosphorus per ml. of incubation 
mixture, appropriately corrected for the controls. The incubations were carried 
out at 30°. The significance of the ribonucleinase value is discussed in the text. 


: F Ribonucleinase {ibonucleinas 
Enzyme concentration mucins Ribonucleinase 
activity value 


Enzyme preparation veccdinteasi 
Experi- | Experi- Experi- Experi- Experi- Experi- 


ment I ment II ment I mentII | ment I | ment Il 
Concentrated enzyme 43 470 10.9 
Fraction A 34.5 231 6.7 
” B 8.7 296 34.2 

4 X 26.4 52.7 139 179 5.3 3.4 

a Y 59.5 20.2 461 104 7.7 5.1 

. $ 2.9 315 108.6 

dD 15.4 59.9 453 $34 20.4 7.2 

Lk 5.6 3.3 460 171 82.1 5L.S 

F 4.4 1.56 604 373 137.3 239.1 


The results of typical fractionations of two preparations of the concen- 
trated nucleinase are shown in Table II. It is evident that the separation 
of the enzyme from inert material is not particularly sharp and that the 
ribonucleinase activity is to be found in several of the fractions. The 
most active material is precipitated between the concentrations of 0.5 
and 0.8 saturation with ammonium sulfate and has been designated Frae- 
tion F. One preparation of Fraction F had a nucleinase value of 239. 
The corresponding value for the crude extract from which this preparation 
was derived was not determined but calculations based upon the dry 
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weights of these crude extracts indicate that their nucleinase values are less 
than 1.0. It is reasonable to assume that a concentration ratio of at least 
240 has been effected. None of the fractions obtained by the ammonium 
sulfate precipitation exhibited a release of inorganic phosphate from the 


substrate. 


The authors wish to acknowledge the use of certain apparatus and equip- 
ment which were made available to one of us (R. L. G.) by a grant from the 
Faculty Research Funds of the Horace H. Rackham School of Graduate 


Studies. 
SUMMARY 


The nuclease system of the soy bean seedling has been shown to consist 
of two components, a ribonucleinase and a second enzyme, believed to be a 
phosphomonoesterase. The ribonucleinase has been separated from the 
crude extracts and has been concentrated and partially purified. 
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Since its introduction as an assay organism for riboflavin (1), Lactobacillus 
casei has been widely used for the determination of this and other vitamins 
which it requires (2-6). Landy and Dicken (3) devised a single medium 
with which responses to each of the six vitamins required by this organism 
could be obtained. Experimental trial showed the medium to be lacking 
in substances which, though not essential, greatly stimulated growth of 
Lactobacillus casei. Because other special methods for which this was not 
30 obviously true existed, the more general method of Landy and Dicken 
has not been widely used. 

Recent investigations have shown that tryptic digests of casein (7-9) 
and of other proteins (10) contain one or more unidentified substances which 
greatly stimulate growth of Lactobacillus casei. This knowledge has been 
applied to the development of an improved medium for this organism, 
which is described below. Maximum growth on the improved medium 
is achieved within 16 hours; longer periods are required for maximum 
acid production. Excellent growth curves have been obtained in response 
to the addition of any one of five vitamins to the appropriate deficient 
medium. Results of a series of assays for riboflavin and folic acid indicate 
that the medium can be used successfully for the accurate estimation of 
these vitamins after a 16 hour incubation period. Similar determinations 
of biotin, pantothenic acid, and nicotinic acid appear possible, although 
such application has not been tested. 

EXPERIMENTAL 

Enzymatic Casein Digest—120 gm. of purified casein (Labco, “‘vitamin- 
free’) were dissolved by gradual addition, with shaking, to 2 liters of 0.8 
per cent sodium bicarbonate solution. To the uniform suspension thus 
obtained were added 600 mg. of pancreatin suspended in 15 to 20 ce. of 
distilled water. The mixture was covered with a thin layer of toluene, 
shaken well, and allowed to stand for 48 hours at 37°. It was then placed 
in the autoclave and heated in flowing steam for 20 to 30 minutes to remove 
the toluene. After cooling to room temperature, the solution was adjusted 
te pH 6.0 by addition of glacial acetic acid (about 7.0 ce.), and filtered with 
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mild suction. To the filtrate were added 60 gm. of activated chareog| 
(Darco G-60); the mixture was stirred for 30 minutes, then filtered with 
suction. The filtrate, which often contained small amounts of colloidal 
charcoal, was now adjusted to pH 3.8 with glacial acetic acid (about 75 ee.) 
stirred for 30 minutes with 24 gm. of activated charcoal, and filtered. The 
filtrations are aided by the use of Filter-Cel. The residue from each filtra. 
tion was washed with 50 to 75 cc. of water; the washings were added to the 
filtrate. 


Taste | 


Composition of Complete Basal Medium* 


Amount per 10 


Amount per 10 c< 
cc. final medium 


. Cc t 
final medium eae 


Component 


ce y 
Casein digest 4 (= p-Aminobenzoic acid l 
200 mg. 
casein) 
me 
Sodium acetatet 200 Biotin 0.04 
KH.PO, 25 Calcium pantothenate 5 
K HPO, 25 Folie acid 0.02 
Glucose 20) Nicotinic acid 5 
Cystine l Pyridoxine hydrochloride? 0 
7 
Uracil 100 Riboflavin 5 
(Adenine sulfate 100 Thiamine hydrochloride 5 
ee 
Guanine hydrochloride 100 Salts C§ 0.2 


* For use in assays, the appropriate vitamin is omitted from the medium. 

t When the casein digest is prepared as described in the text, it contains the 
proper amount of sodium acetate; no further additions should be made. 

t Pyridoxamine (2 y) or pyridoxal (1 y) may be substituted for pyridoxine. 

§ The solution of Salts C has the following composition: MgSO,-7H.O, 10 gm; 
NaCl, 0.5 gm.; FeSO,-7H.O, 0.5 gm.; MnSO,-4H.O, 2.0 gm.; water to make 250 ce 
It differs quantitatively from Salts B used in previous assay media. 


These charcoal treatments serve to remove traces of the various vitamins 
which are present in the initial digest. The final clear filtrate was diluted 
to 2.4 liters (1 ec. = 50 mg. of casein). Dry weight determinations on 
small aliquots of each lot of casein digest prepared in this way showed 4 
to 45 mg. of solids actually present per cc. of solution. If markedly lower 
amounts are obtained, the preparation should be repeated. 

Basal Medium—The composition of the basal medium is shown in Table 
I. The vitamin to be determined is omitted from the medium. The 
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method used to obtain the final medium is immaterial. An efficient means 
for accomplishing this consists in preparing and keeping separately 
three stock solutions which are mixed in the proper proportions just before 
yse. These are as follows: (a) A solution containing the casein digest, 
sodium acetate, phosphates, cystine, and Salts C. This is prepared in 
lots of 2 liters at twice the final concentration of the medium by adding 
to 1600 ce. of the casein digest solutions containing 10 gm. of KgHPO,, 10 
gm. of KH,PO,, 400 mg. of cystine, and 80 ce. of Salts C. The mixture is 
neutralized (pH 6.8 to 7.0) with 10 x NaOH and diluted to 2 liters. The 
sodium acetate thus formed brings its concentration to the proper level if 
acetic acid was used in the amounts indicated in preparing the casein 
digest. The solution was autoclaved for 10 minutes at 15 pounds steam 
pressure, then stored until used. Aliquots for use may be withdrawn 
aseptically from this solution, or the residual solution may be reautoclaved 
after withdrawal of an aliquot. (b) A stock solution containing per cc. | 
mg. each of adenine sulfate, guanine hydrochloride, and uracil. The solu- 
tion may be kept in the refrigerator under toluene for long periods. (c) 
Astock solution which contains per ce. sufficient of each vitamin for fifty 
assay tubes. The vitamin to be determined is omitted from this solution, 
which is kept under toluene in the refrigerator. A fresh solution should 
be prepared at intervals not longer than 1 month. 

To prepare, for example, the medium for fifty assay tubes one mixes 250 
ce. of solution (a), 5 cc. of solution (b), and 1 ce. of solution (c). The addi- 
tion of 10 gm. of glucose completes the medium, which is twice the con- 
centration given in Table I. 

Stock Culture and Inoculum—Lactobacillus casei was carried as a stab 
culture in medium containing | per cent Difco yeast extract, 1 per cent 
glucose, and 2 per cent agar. Stabs were incubated at 37° for 24 to 48 
hours, then held in the refrigerator. Stock cultures were transferred at 
2 week intervals; stabs for daily use were prepared at the same time as 
needed. 

Inoculum tubes were prepared by diluting the complete double strength 
medium with an equal volume of water and dispensing this medium in 10 
ee. quantities to test-tubes of a size suitable for direct use in the centrifuge. 
These were plugged with cotton, sterilized, and stored until used. To 
prepare inoculum a transfer from a stab culture to a tube of inoculum me- 
dium was made. This was incubated at 37° for 16 to 24 hours before use. 

Assay Procedure—The procedure is similar to that commonly followed at 
present (e.g. (1, 2)) and need not be given in detail. ‘Assays are carried 
out in 20 X 150 mm. lipless test-tubes. Suitable aliquots of the standard 
and sample solutions are added to the assay tubes and the volume adjusted 
with water to 5 ec. 5 ec. of the basal medium (double strength) are then 
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added to each tube. The tubes are plugged with cotton or covered with 
clean aluminum caps and sterilized in the autoclave at 15 pounds pressure 
for 10 minutes. More prolonged autoclaving should be avoided, since jt 
partially caramelizes the sugar and produces a dark colored medium with 
inferior growth-promoting properties for Lactobacillus casci. After cooling 
to room temperature, they are ready for inoculation. 

The cells in a tube of inoculum, prepared as described above, are thrown 
down by centrifugation, and the supernatant liquid is removed aseptically 
and replaced by 10 cc. of a sterile solution of sodium chloride (0.86 per cent), 
The cells are resuspended by shaking. A sufficient amount of this heayy 
suspension is added to a second 10 cc. portion of salt solution to give a oa. 
pension which is just visibly turbid. 1 drop of this latter suspension 
is added aseptically to each assay tube. These are incubated at 37° 
for 16 hours, if the turbidimetric method is used, or for 72 hours, if the 
acidimetric method is used. 

Measurement of Response —The medium and method described herein 
were designed especially for the rapid turbidimetric determination of vita- 
mins, particularly riboflavin and folie acid. Turbidity on the above 
medium has reached a maximum in 16 to 18 hours. At the end of this 
period the sedimented organisms are thoroughly suspended by shaking, 
and turbidity comparisons are made. Any reliable photoelectric color- 
imeter may be used for this purpose; an uninoculated tube of medium 
serves as the blank. The measurements are best made at a wave-length 
at which the medium shows little or no absorption (¢.g. 660 my). For 
the purpose of this paper, a calibration curve, relating galvanometer read- 
ings of the instrument used to the dry weight of cells obtained, was con- 
structed, and turbidity measurements are given in terms of the dry weight 
of cells. For routine use, this procedure is unnecessary; galvanometer 
readings or optical densities may be used directly. 

Acid production continues for considerable periods after turbidity has 
reached a maximum; the customary 3 day period of incubation was there- 
fore used when titrations were made. Titration with brom-thymol blue a 
visual indicator is unsatisfactory because of the high buffer capacity of the 
medium. Electrometric titration to pH 6.8, with the assembly described 
by MeQuarrie and Konen (11), was used with complete satisfaction. The 
addition of brom-thymol blue permits a rapid visual approach to the end- 
point, which is then determined exactly with the pH meter. 

Response to Pure Vitamins—Growth response of Lactobacillus casei t0 
the addition of the pure vitamins, as was determined turbidimetrically at 
the end of a 16 hour incubation period, is shown in Figs. | to 5. The en- 
hanced growth-promoting powers of the new medium are emphasized by 
the comparisons with other widely used media for assay of riboflavin and 
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folic acid given in Figs. 1 and 2. Acidimetric comparisons of these same 
media after 3 day incubation periods are given in Table II. With the 
longer incubation period, the superiority of the new medium, although still 
evident, is less marked. The great apparent superiority in acidimetric 
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Fic. 1. Comparative turbidimetric response of Lactobacillus casei to riboflavin 
n two media after 16 hours incubation. 
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Fic. 2. Comparative turbidimetric response of Lactobacillus casei to vitamin B. 
(folic acid) in two media after 16 hours incubation. 


response to riboflavin on the new medium is partially deceptive, since it 
contains twice as much sugar and has over 3 times the buffer capacity of 
the older medium (cf. (12)). Acidimetric response to nicotinic acid, panto- 
thenie acid, and biotin on the new medium is shown in Table III. Acid 
production per unit of added vitamin is superior in every case to that noted 
with previous media. 
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It is probable that the high “blanks” noted in the response to biotin and 
to pantothenic acid could be lowered considerably by growing the cultures 
used for inoculum in the basal medium, supplemented with only a minimum 
amount of the vitamin in question. 
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Fig. 3. Turbidimetric response of Lactobacillus casei to nicotinic acid in the new 
medium (16 hours). 
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Fic. 4. Turbidimetric response of Lactobacillus casei.to pantothenic acid in the 
new medium (16 hours). 


Application to Determination of Riboflavin and Folic Acid—To test the 
applicability of the new medium, a number of natural materials were ex- 
tracted with acid by a standard procedure (13) and the extracts assayed 
for riboflavin. Parallel assays were made by the turbidimetric (16 hours) 
and acidimetric (72 hours) procedures, and the values obtained compared 
with those obtained on the same extracts by the method of Snell and Strong 
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(1). Essentially identical results were obtained with each procedure 
(Table IV); quantitative recoveries of added riboflavin were also obtained. 

No rigorously tested or widely accepted method for quantitative extrac- 
tion or determination of folic acid is yet available. For purposes of com- 
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Fic. 5. Turbidimetric response of Lactobacillus casei to biotin in the new medium 
(16 hours). 
TaB_Le II 


Comparative Acid Production in Response to Added Riboflavin and Folic Acid on New 
and Older Media 


Titrated after 72 hours incubation at 37°. 




















0.1 N acid produced eal 0.1 Nacid produced 
Riboflavin added | aero | 
| Newmedium | Snell-Strong neve | New medium Teply-Elvehjem 
¥ per 10 cc. | ce. ce. ve ce. ce. 
0 0.30 | 0.50 0 1.7 2.2 
0.02 | 4.0 | 1.7 0.10 5.0 4.6 
0.04 6.2 2.8 0.20 7.2 6.8 
0.07 8. 4.4 0.40 10.5 9.9 
0.10 | 10.0 6.2 0.60 12.8 12.4 
0.13 | 11.5 | 7.8 0.80 14.1 13.7 
0.16 12.9 9.0 1.0 15.0 14.6 
0.20 | 14.3 | 9.8 2.0 16.7 16.7 








parison, the method of Teply and Elvehjem (6) and an extraction pro- 
cedure involving digestion with taka-diastase and papain (14) were 
employed. It is recognized that the latter procedure does not give maxi- 
mum values for the folic acid content of many natural materials. 
A preparation of crystalline vitamin B, obtained from Parke, Davis and 
Company served as a standard. The results (Table V) were essentially 
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identical with all of the procedures employed. 


IMPROVED MEDIUM FOR L. CASEI 


With alfalfa, a pronounced 


drift in values with increasing level of the sample was obtained in both 


Titrimetric Response of Lactobacillus casei to Nicotinic 


Tas_e III 


Biotin in New Medium 


Titrated after 72 hours incubation at 37°. 























Acid, Pantothenic Acid, and 











Nicotinic acid Pantothenic acid Biotin 

| Gime | | Games | | alee 

Amount added Re! row Amount added | gondamnd Amount added | pe 
yperi0ce. | ce. ¥ per 10 ce. ce. | — ce. 
0 ito. oF. je Ve | 3.0 
0.02 3.4 ; O01 | 4.5 | 0.1 | 5.2 
0.04 6.0 0.02 | 6.2 0.2 6.5 
0.07 8.1 | 0.04 | 8.6 0.4 8.4 
0.10 | 10.0 0.07 | 10.7 0.7 | 10.2 
0.15 | 11.5 0.10 | 12.6 1.0 | Wl 
0.20 | 12.0 | 0.15 13.5 1.5 | 12.2 
0.40 | 13.9 | 0.20 13.8 2.0 | 13.0 

Tasie IV 


Comparative Determinations and Recoveries of Riboflavin 





} Riboflavin found 


Recoveries; present 




















| method 
Samples | Present method* =f noes | meas | ain 
Turbidi- Acidienetric | acidimetric ‘ metric oo 
metric | ~ a (72hrs.) | (16hrs.) 
| (16 hrs.) | (72 brs.) 
| ypergm. | y pergm. | y per gm. | per cent per cent 
Yeast extract (Bacto). . | 44.2 | 42.4 | 43.8 109 106 
Liver concentrate (Wilson’s | | | 
No. 1:20)......... | 186 | 182 | 193} 1038 | tar 
Bacto-peptone......... 3.3 | 29 |} 35 | 97 | 102 
American cheese............ | 6.3 6.4 | 5.9 | 100 108 
Milk (fresh)... ae) ee) 18 | 109 
Skim milk powder.... | 19.8 | 21.4 | 20.0 | 100 95 
Rat kidney........ 25 22 27 95 | 105 
“ Tiver..... 18 ;} 19 19 92 100 
‘* muscle...... , 1.3 | 1.5 1.5 | 107 107 
Canned peas................ | O44 | 0.48 | 0.52 91 102 





* Assay range, 0.02 to 0.15 y of riboflavin. 


acidimetric assays; this was not apparent in the shorter turbidimetrie 
procedure. Quantitative recoveries of added vitamin B, were obtained. 
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Effect of Fatty Substances—The disturbing influence of fatty acids, 
lecithins, etc., on the response of Lactobacillus casei to suboptimal amounts 
of riboflavin and other vitamins has been noted elsewhere (15-17) and 
studied in detail by Kodicek and Worden (18). The same effects are 
observed with the new medium. Lecithin, for example, greatly stimulates 
the response to riboflavin at low levels but suppresses it somewhat at high 
levels. The addition of 50 y of oleic acid per 10 cc. of medium suppresses 




















TABLE V 
Comparative Determinations and Recoveries of Folic Acid 
| Folic acid found a present 
Samples Present method* Teply- ee 
— Elvehjem, | Turbidi- | acidimetric 
Turbidi- | Acidimetric | acidimetric is hon ) (72 hrs.) 
ohes) | (72 hes.) (72 hrs.) ' 
y per gm. | y per gm. y perem. per cent per cent 
Whole wheat flour...........| 0.32 | 0.35 0.33 97 97 
CN oy act bi dace 0.31 0.35 0.35 107 100 
Liver concentrate............| 20 21 21 107 95 
Beef muscle...... bake hace 0.44 0.46 0.48 104 102 
Potatoes (fresh)... ee 0.46 0.48 0.48 102 98 
ns cna | 0.36 0.37 0.35 98 105 
nc... ... bie | 1.2 0.5-2.5) 0.6-3.3) 95 














* Assay range, 0.1 to 1.0 millimicrogram of folie acid per 10 cc. of medium. 


growth completely; the simultaneous addition of 100 y of lecithin com- 
pletely overcomes this inhibitory effect. Measures such as solvent extrac- 
tion and filtration at pH 4.5, which are already in use to prevent these 
effects in other media, appear adequate with the present medium as well. 


DISCUSSION 


Recent years have seen a great expansion in the development and use 
of microbiological assay methods. As experience with the assay organisms 
accumulated, it was inevitable that improvements in the early methods 
should result. In many cases the sole criterion used to determine whether 
modification of an assay medium has resulted in improvement has been to 
determine whether increased growth or acid production resulted from the 
modification. Judged by this standard, the present medium is greatly 
improved over former media used with Lactobacillus casei. It does not 
necessarily follow, however, that a medium which permits greater growth 
and acid production will necessarily permit more accurate bioassays. 
Examination of Tables IV and V reveals in fact that the present medium, 
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although permitting accurate assays with increased growth and acid pro- 
duction, gives the same values as previously proposed assay methods, 
The modification is valuable because it permits greatly shortened assays 
to be carried out; assays inoculated at the close of 1 working day are ready 
to be read at the beginning of the next. If the 3 day acidimetric method 
is used, the new procedure appears to have little or no advantage over 
older methods. 

The proposed procedure is also advantageous in that a single basal 
medium and assay organism suffice for assay of a number of vitamins, 
Routinely, the preparation of enzymatic digests of casein is considerably 
less troublesome than that of acid hydrolysates of casein. 

All ingredients of the culture medium are present in considerable excess: 
dilution of the complete medium with an equal volume of water gives a 
medium which supports growth only slightly less luxuriantly. Although 
supplementation of the medium with natural materials has not been neces- 
sary to obtain accurate values with materials so far assayed, addition of 
such supplements may prove valuable for special purposes. Supplements 
free of riboflavin are readily obtained by photolysis (19, 20) while natural 
extracts treated with lead acetate in the same manner used in the prepara- 
tion of the yeast supplement for riboflavin assay (1) are free of both ribo- 
flavin and folic acid. 

Other commonly used assay organisms, such as Lactobacillus arabinosus 
and Lactobacillus pentosus, also produce heavy growth in the new medium 
during a 16 hour incubation period. The medium could, therefore, be 
used with either of these organisms for the rapid turbidimetric determina- 
tion of nicotinic acid, pantothenic acid, and biotin. Results obtained in 
this manner have not been compared with those given by previously pub- 


lished procedures. 
SUMMARY 


A medium is described which permits the accurate turbidimetric deter- 
mination of riboflavin and folie acid with Lactobacillus casei after a 16 
hour incubation period. Excellent growth curves are also obtained with 
nicotinic acid, pantothenic acid, and biotin, although use of the medium for 
determination of these vitamins has not been investigated. 

Results obtained turbidimetrically at 16 hours check those obtained 
acidimetrically at 72 hours; they also check those obtained by previously 


published procedures. 


The authors are indebted to Mr. H. Kihara, who participated in early 
work upon this problem. 
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DETERMINATION OF POLYSACCHARIDE IN SERUM 


By FLORENCE B. SEIBERT* ano JANE ATNOft 
(From the Henry Phipps Institute, University of Pennsylvania, Philadelphia) 


(Received for publication, February 21, 1946) 


That there exists a true polysaccharide in the serum in close association 
with the serum proteins has been shown by a number of investigations in- 
cluding those of Bierry (1), Everett and Sheppard (2), Rimington (3), 
Lustig et al. (4), Hewitt (5), Nilsson (6), and Blix, Tiselius, and Svensson 
(7). In spite of the fact that there is a considerable concentration present 
in the serum, as great or greater than of glucose, comparatively few at- 
tempts have been made to evaluate it quantitatively with a view to de- 
termining its significance. This may be due in part to the fact that its 
quantitative estimation has been troublesome and in many cases inaccurate. 

The present paper aims to present a quantitative method for its deter- 
mination, which is accurate, reproducible, and reliable. It is nevertheless 
tedious in that strict adherence to the details of the method and only very 
careful technique will yield desirable results. If such care is employed, the 
method is dependable, as is shown by the data. 

Everett and Sheppard (2) applied the colorimetric methods of Folin and 
Wu, Benedict, Sumner, and Folin to hydrolysates of blood filtrate. Lustig 
(4) and collaborators determined the carbohydrate directly by the Till- 
mans-Philippi orcinol reagent, and Nilsson (6) determined the carbohydrate 
as glucosamine. The present study utilizes the carbazole reagent of 
Dische (8). The color produced varies from a deep pink for glucose and 
related sugars to a brownish red for mannose and can thus be used in 
differentiating the type of carbohydrate accompanying the proteins under 
investigation. 


Techniques 


Total Carbohydrate 


The total carbohydrate content of serum is determined by use of the 
carbazole reaction of Dische (8), as stated previously, and for the com- 
parison of colors, first (9) the Duboscq, then (10) the Evelyn, and now the 
Klett colorimeter, with confirmation by the Beckman spectrophotometer. 


* Aided by a grant from the Committee on Medical Research of the National Tu- 
berculosis Association, and assisted by the Tuberculosis Control Division of the 
United States Public Health Service. 

t Chemist, Tuberculosis Control Division, United States Public Health Service. 
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Any of these instruments, as well as others, should be adaptable in this 
method, but for quick routine work we have found the Klett instrument 
very useful. In the region of absorption most used in the method as out. 
lined, four scale divisions on the Klett instrument are equivalent to one 
division on the Evelyn, and this is the largest variation in readings between 
duplicate determinations which has been accepted by us (most readings 
vary only one or two divisions). This corresponds to a final difference of 
2 to 4 mg. per cent in the serum, with a maximum of 8 mg. per cent, in the 
method as used. 


Reagents— 
1. Sulfuric acid reagent, 1 part of distilled water plus 8 parts of con- 


centrated sulfuric acid (Baker’s analyzed sulfuric acid, c.p. special, low in 
N and As). 

2. Saline, 0.9 per cent. 

3. Carbazole reagent, 0.5 per cent in absolute alcohol. Eastman Kodak 


carbazole is purified by twice subliming it. If sufficiently pure, it will re- 
main colorless indefinitely when dissolved in the alcohol and kept in a glass- 
stoppered bottle. It should be decanted free from any trace of sediment 
before use. 

Standard (G. G. M.)—Equal amounts each of 0.01 per cent glucose, ga- 
lactose, and mannose (purest grades) are mixed. 

This standard is used in analyzing whole serum, since Hewitt (5) agreed 
with previous authors that the carbohydrate group in serum proteins is a 


polysaccharide containing equimolecular amounts of galactose, mannose, and 


. 


glucosamine. 
Furthermore, the absorption curve given by serum with carbazole, as 


well as the shade of color observed, corresponds closely with that of the 
G. G. M. standard described below. Pure glucose alone gives a more rose, 
while mannose alone gives a brownish red color. 

In order to determine the proper wave-length to be used for routine pur- 
poses, readings were made in a Beckman spectrophotometer, at all wave- 
lengths, of the color produced by carbazole with 0.1 mg. of the isolated 
sugars or of the mixture of sugars. Similar readings at all wave-lengths were 
also made of the blank solutions of the same sugars, treated in the same 
manner but without the carbazole, and these results were subtracted from 
the above corresponding values, giving the curves (Fig. 1) which represent 
the true absorption curves of the sugars. They show that there are two 
wave-lengths at which definite absorption occurs; namely, at 5400 and at 
4400 A. It is furthermore clear that the relative amounts of absorption at 
these two wave-lengths differ markedly with the different sugars and that 
a ratio of their extinction or density values, log (1/transmission), at these 
two wave-lengths would be characteristic of each sugar, as was also shown 
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by Gurin and Hood (11). Concentrations of different carbohydrates were 
therefore determined in the usual photoelectric colorimeters with the use of 
a filter giving the maximum absorption at wave-length 5400 A. Since 
identification of the type of carbohydrate present in a mixture can be made 
by determining the ratio D at 5400 A to D at 4400 A, and since the ratio 
found for serum corresponds more closely with that of the G. G. M. mixture, 
we have, therefore, used the latter as the standard for evaluating the 
polysaccharide of serum. ‘The ratios found for the sugars of significance in 
this study were as shown in Table I. 




















D 
MANNOSE ARABINOSE 

0.2 
0.1 oad em ie. ES 
0.3} 

GALACTOSE NUCLEIC ACID 
0.2} 
af —% \_ ca ds 
0.3 
0.2| GLUCOSE SERUM »4 GLYCOGEN 
0.1} ZAIN 
aoa oa wv a 6h hu me mL 


Fic. 1. Density curves of various sugars and sugar mixtures. G. M. represents 
equal concentrations of galactose and mannose; G. G. M., equal concentrations of 
galactose, mannose, and glucose; Serum 1, 2, and 3, curves for samples from one 
individual obtained by alcohol precipitation, and from another during fasting, and 
following a meal respectively. 


Fig. 2 shows that the intensity of color produced at wave-length 5400 A 
by different concentrations of the single sugars as well as of the mixtures 
followed Beer’s law. 

Method—Serum is diluted so that 0.5 ml. is made to 10 ml. with 0.9 per 
cent saline. Each ml. is equal to 0.05 ml. of original serum. 

To fourteen tubes (25 XK 150 mm.) are added 1 ml. of distilled water and 
8 ml. of concentrated sulfuric acid or 9 ml. of the sulfuric acid reagent. 
These are shaken and chilled in an ice bath, and then to six tubes, three 
each for duplicate dilutions of the serum, 1 ml. of the diluted serum is care- 
fully layered on the top surface of the acid, without wetting the side of the 
tube. Toeach of four control tubes 1 ml. of distilled water isadded. To each 


| of four standard tubes 1 ml. of the standard solution is added. All tubes are 


again shaken, preferably under ice, care being taken that all the protein is 


it 
oF 
t 
4 
te 
if 


et ES 





514 POLYSACCHARIDE IN SERUM 


completely dissolved. Then 0.3 ml. of the 0.5 per cent carbazole is added 
to four of the sera tubes (two from each dilution, Tubes A and B), to two 


TABLE I 
Density Ratios 























Sample, 0.1 mg. Dat 400A | Dat 4400A oa 
I Ca dicate ek cet rcs cake ores 0.125 | 0.059 2.12 
Nucleic acid (thymus). 0.185 0.038 4.87 
Glycogen...... Fiuakakuacih Ruska ban 0.342 0.075 4.56 
se eee aioe | 0.274 0.056 4.89 
i cd wah gl aie Cais 680 0.196 0.103 1.90 
Mannose... Seadewa os 0.176 0.218 0.81 
Galactose-mannose.............. 0.210 0.190 1.11 
Glucose-galactose-mannose........ | 0.243 0.143 1.70 
Serum (normal), fasting. . | 0.223 0.157 1.42 
ie after high carbo- | 
Ds a gnateks cone svee te 0.316 0.176 1.79 
Serum- alcohol ppt., normal........| 0.209 0.097 2.15 
** tuberculous. . 0.263 0.117 2.24 
Mohs. Y/ 
0.12} Yi, 
0.10} 
00S 
Q06, 
L x MANNOSE 
e G.M. 
004 © GALACTOSE 
' + G.G.M. 
ont ® GLUCOSE 
- a holed KLETT READING Seen ee 
10 30 50 70 90 10 130 [SO 170 190 


Fic. 2. Readings on Klett colorimeter plotted against the concentration of sugars 


used in the carbazole reaction, showing that Beer’s law is satisfied. 


standard tubes (C), and to two control tubes (D). 


To the two remaining 


sera tubes (A’ and B’), the two remaining standard tubes (C’), and the two 
remaining control tubes (D’), 0.3 ml. of absolute alcohol (with no carbazole) 
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js added. All are again shaken, covered with glass bottle stoppers, and 
placed simultaneously in a vigorously boiling water bath for exactly 10 
minutes. They are then simultaneously removed and cooled in a chilled 
water bath, and then read in a colorimeter at wave-length 5400 A. 

Tubes D’ are read against each other and should check. 

Tubes D are read against Tube D’ to determine the amount of color given 
by the carbazole. This should be low and gives an indication of the purity 
of the carbazole and acid used. 

All tubes are read against a Tube D’. 

Calculation—The serum blank and carbazole blank readings are sub- 
tracted from the serum readings. The G.G. M. blank and carbazole blank 
readings are subtracted from the G. G. M. readings. Since a slight dif- 
ference may occur in the intensity of the color, produced by the standard, 
possibly due to heating of the reagent, the standard is always run with 
every set of analyses and, therefore, by calculation any variation in the 
results due to such small errors may be eliminated. Thus the reading due 
to 0.1 mg. of the standard divided into that due to 1 ml. of the unknown, 
multiplied by 10, will give the amount of total carbohydrate in 1 ml. of the 
dilution of the unknown. 


Glucose 


Free glucose in the serum was determined by means of the Somogyi (12) 
modification of the Shaffer-Hartmann method, using the ZnSO,-Ba(OH). 
reagent for deproteinizing the serum, as outlined by Nelson (13) prior to 
publication by Somogyi (14). 


Polysaccharide of Serum 


The total carbohydrate of the serum minus the glucose gives the true 
polysaccharide. Moreover, this polysaccharide can be determined directly, 
since it is either precipitated by alcohol or carried down with the serum 
proteins when they are precipitated with alcohol. 

Method for Direct Determination of Polysaccharide—0.1 ml. of serum is 
dropped into 10 ml. of 95 per cent alcohol with shaking and with care not to 
run the serum down the side of the tube. With this technique the pre- 
cipitate usually flocculates out in such a way that it is easy to centrifuge for 
30 minutes, leaving a crystal clear supernatant. Other procedures, such 
as those used by Lustig and by Langer (4), or Lustig and Nassau (15), 
yielded cloudy supernatants in our hands with resultant loss of protein. 

The precipitate is then washed with 5 ml. more of alcohol and centrifuged. 
The supernatants are carefully sucked off without disturbing the pre- 
tipitate. The precipitate is then immersed in an ice bath to prevent 
charring when the acid is added. Since occasionally a serum precipitates as 
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a gum instead of in floccules, 4 ml. of cold concentrated sulfuric acid are 
carefully added directly to the precipitate in order to effect solution, 
When shaken and cooled, 1.9 ml. of water are added, and, again when 
cool, 4 ml. more of cold concentrated H.SO, are added. Four such tubes 
are prepared and to two of them as controls is added 0.3 ml. of aleohol, 
while to the other two 0.3 ml. of carbazole reagent is added. These are 
shaken, covered with glass stoppers, and heated in a boiling water bath for 
exactly 10 minutes, then chilled, and read in the colorimeter. Simultane- 
ously water blanks, carbazole blanks, and tubes with the standard and its 
blanks are also run as described above under total carbohydrate determina. 
tion. The final calculation is also the same. 

In this case, however, a standard consisting of galactose alone is used, 
It was at first believed that a standard of galactose and mannose (G. M.) 
should be used, since the glucose of the serum had been removed by the 


TaBLe II 
Recovery of Glucose (100.0 Mg. Per Cent Added) As Glucose in Serum 











] 
: | Glucose in original ers Rs sade 
Subject | potato | Glucose found Glucose recovered | Error 
me. per cent mg. per cent meg. per cent me. per cent 
} 
J. H. 99.1 196.6 96.6 —3.4 
Bee | 85.3 186.9 101.6 | 1.6 





precipitation, but an absorption curve (see Fig. 1) for the alcohol pre- 
cipitate of serum indicated a type of absorption more closely corresponding 
to that of galactose alone than of a mixture of galactose and mannose 
(G. M.). This conclusion is supported by the ratios recorded in Table I. 
The explanation for this result may throw some light on the composition of 
the carbohydrate present in the serum and must wait for future consider- 
ation. 
EXPERIMENTAL 


Recovery of Glucose Added—In order to study the reliability of the 
methods chosen an attempt was made to determine the recovery of glucose 
as glucose and as total carbohydrate when added to serum. For example, 
Table II shows that, when a known amount of glucose was added to two 
sera, copper iodometric titration analyses of the glucose on the original 
sera and on those after the addition varied to the extent of the amount of 
glucose added, within experimental error. 

When glucose is added to serum, it can also be recovered in the total 
carbohydrate, determined by means of the carbazole reaction and read 
against the G. G. M. standard. The reading on the Klett colorimeter for 
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the original serum is subtracted from the reading for the same dilution of 
serum containing the added glucose and this result is then converted into its 
equivalent of the G. G. M. standard. The result corresponds to the added 
glucose (see Table III). 

Check on True Polysaccharide Concentration—Table IV shows the close 
correspondence between the concentration of true polysaccharide de- 
termined by difference and directly on the same sera, indicating that the 















































TaBLe III 
Recovery of Glucose in Total Carbohydrate 
| Klett reading (5400 A) | pion = mg | 
—— | as glucose- | Glucose added Error 
iucose | “Saline” | Diference | Stannose | 
mg. perml. | mg. per ml. meg. per ml. 
JH. 82.3 | 42.7 | 39.6 0.0355 } 9.0080 0.0380 | —0.0025 
J.B. 82.3 | 37.3 | 45.0 0.0405 +0. 0025 
H. G. 96.7 | 55.0 | 41.7 0.0370 0380 | —0.0010 
JA. | 85.0 | 43.30 | 417 0.0370 pes —0.0010 
A. B. 82.3 38.3 | 44.0 0.0400 | 0.0380 +0.0020 
TaBLe IV 
True Polysaccharide by Difference and by Direct Analysis 
, True polysaccharide 
- T lysaccharid : 
Subject Total carbohydrate Glucose wie oy ” so 
mg. percent mg. percent | mg. per cent meg. per cent 

M. D. 201.6 74.8 126.8 118.7 

E. P. 212.5 49.0 163.5 165.8 

E. H. 212.0 96.6 115.4 113.5 
V.P. | 195.8 89.8 106.0 102.4 

8. B. 177.1 63.3 113.8 106.8 

W. McC. | 273.8 96.6 177.2 172.1 

J. H. 276.4 168.0 108.4 107.4 

E. Seh. 193.2 | 9884 | 1048 100.5 





techniques chosen for the determination of total carbohydrate and for the 
aleohol-precipitable carbohydrate give essentially identical results. 

Keeping Qualities of Sera When Frozen—If sera are frozen several hours 
after the bloods are taken, no significant changes, greater than can be 
accounted for by experimental error, occur jn their content of total car- 
bohydrate or glucose over indefinite periods of time. This is shown in 
Tables V and VI. If kept in this manner, therefore, it is possible to per- 
form the analyses at the time most convenient and economical from the 
standpoint of the laboratory schedule. 
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Variation in Polysaccharide from Time to Time—lIt is of importance to 
know also the spread in the polysaccharide value of sera taken from the 


TABLE V 


Variation of Glucose in Sera Kept Frozen 























Subject | Date bled | Date of run Glucose 
| 1945 1945 me. per cent 
J. H. Apr. 11 | Apr. 16 101.4 
July 18 96.1 
ae 99.1 
J. A. ae | May 1 103.0 
June 4 101.9 
e July 5 July 9 7.1 
~ 89.4 
M. H. June 8 June 8 119.0 
- ae 123.2 
N. H. July 16 Oct. 9 85.4 
7 ae 85.0 
TaBLe VI 
Variation of Total Carbohydrate in Sera Kept Frozen 
Subject Date bled Date of run Total! carbohydrate 
| 
1945 1945 meg. per cent 
J.H. Apr. 11 Apr. 16 160.7 
July 18 156.8 
Aug. 21 162.0 
J. A. = = May 1 173.2 
June 4 168.8 
Aug. 22 182.4 
J.B. June 8 June 12 157.6 
Aug. 1 152.4 
H. G. July 13 July 20 234.2 
Aug. 17 228.6 
A. B. June 19 July 16 164.2 
Aug. 23 168.2 
Oct. 31 174.6 








same non-fasting individual at different times and, therefore, a number 
of such results are included in Table VII. 

Variation in Polysaccharide Due to Metabolism—Since the variation in the 
true polysaccharide concentration of the serum in the same individual from 
time to time appears to be considerable, as much as 27 mg. per cent in one 
case, it seemed advisable to determine more directly the effect of metabo- 
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signed to study this aspect. 
Blood was taken from fasting subject J. A. and then the following 
meal was consumed: 3} cup of whole wheat cereal, 3 gm. of agar-agar, 7 gm. 
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Therefore, the following experiments were de- 





























TaBLe VII 
Variation in Serum Polysaccharide of Same Individuals at Different Times 
Subject Date bled a... Glucose pitpigellitt 
1945 meg. per cent mg. per cent mg. per cent 
5 i. Apr. 27 173.2 100.3 72.9 
July 5 171.4 78.2 93.2 
° a 132.8 38.8 94.0 
F.S. Apr. 27 276.0 168.0 108.0 
July 5 193.4 92.5 100.9 
Sept. 9 186.3 96.6 89.7 
Dec. 4 196.2 88.4 107.8 
G. D. (advanced tuber- Feb. 5 258.2 102.0 156.2 
culosis) May 3 250.5 84.3 166.2 
L. D. (minimal tuberculosis) Feb. 8 143.0 57.8 85.2 
July 19 168.4 78.2 90.2 
Oct. 29 185.1 88.4 96.7 
E. 8. (sarcoidosis) Apr. 1l 204.5 88.4 116.1 
Nov. 14 219.6 76.2 143.4 
TaB_e VIII 
Effect of Metabolism on Polysaccharide Concentration 
Subject Time of bleedi Total Glucose True 
y ing carbohydrate polysaccharide 
mg. per cent mg. percent mg. per cent 
J. A. Fasting 151.3 71.4 79.9 
After meal, 3 hrs. 171.4 78.2 93.2 
J.H. Fasting 204.0 82.3 121.7 
After meal, 30 min. 276.4 168.0 108.4 
F.S. Fasting 186.0 85.0 101.0 
After meal, 30 min. 184.2 88.4 95.8 
” «2 hrs. 196.2 88.4 107.8 

















of potato starch, } teaspoon of sugar, 1 pint of milk, 20 cherries, 2 small 
oranges and the pulp from these oranges. 3 hours later a second blood 


sample was taken. 


This diet was planned to contain galactan, galactose, 


starch, sucrose, and arabinose from the cherries and orange pulp pectin. 
The results are given in Table VIII. 
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Blood was taken from fasting subject J. H. and then the following meal 
was consumed: 1 cheese and ham sandwich on rye bread, | slice of white 
bread, 1 egg, 1 orange, a piece of pickle, 2 crackers with jelly, 1 orange, | 
glass of milk, 3 cups of tea, 100 gm. of maltose. 4 hour after the meal 
second blood sample was taken. 

Blood was taken from fasting subject F. 8S. and then the following meal 
was consumed: 1 pint of milk, 2 oranges, 2 pieces of Swedish bread (about 
100 gm.) with much butter, 24 dried brewers’ yeast tablets (= 7.0 gm. of 
dried yeast) as a source of mannose. 4 hour and 2 hours after the meal 
additional blood samples were taken. 

These experiments show that relatively little change occurs in the true 
polysaccharide content of serum due directly to the ingestion of food, even 
when the glucose content (see J. H. in Table VIII) doubles. The largest 
change which occurred in three experiments was 13.3 mg. This is not as 
much as twice the experimental error of the method. 

Variation in Normal Individuals—The concentration of true polysae- 
charide in the non-fasting sera of thirty-nine normal individuals was found 
to vary from 72.9 to 131.0 mg. per cent, with an average of 102.2 mg. per 
cent. Variations found in different pathological conditions will be given 
in another paper. 


DISCUSSION 


There are certain errors automatically inherent in the method, which 
should be understood. For example, it is clear that glucose gives more 
color per unit with the carbazole reagent than does mannose or galactose. 
Consequently, of sera checked against the same standard, those containing 
a high glucose content will appear to contain falsely high polysaccharide 
concentrations, while those with low glucose will be more nearly correct. 
Therefore, theoretically a different standard, containing varying amounts 
of glucose, should be used for each serum, depending upon the amount of 
glucose present. This, of course, would be impractical, even if possible. 
and the conclusion naturally arises that it would be better to employ 4 
method in which the glucose is eliminated from the serum before the 
analysis. Such a method is that described in this paper as the “direct 
determination of polysaccharide.” This method, furthermore, decreases 
the experimental error by eliminating one step in the analysis. 

As mentioned in the description of the method, a standard is run with 
each set of determinations and the value obtained on this standard is used 
in the calculation of the results for all other products analyzed at the same 
time. This is done because the reading for the standard will fluctuate from 
time to time as much as +5 around an average value. Since it is very 
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desirable to eliminate this fluctuation, a careful investigation was made as 
to its cause. 

It was found, for example, that much of the difficulty lay with the 
carbazole reagent itself, and attempts were made to overcome it by dissolv- 
ing the carbazole in concentrated sulfuric acid rather than in alcohol. 
Such a reagent gave results which checked very well, all of which were 
considerably higher than those obtained with the alcoholic carbazole. 
However, a fluctuation still occurred in the readings for the standard sugar 
solutions and, since this acid carbazole reagent must be made fresh each 
day, there seemed to be no advantage in its use. 

During these experiments it was found that alcohol decreases the color 
produced but since the same amount of alcohol is added to all tubes no 
error is caused in this way. It is interesting, however, that the decrease in 
color by the alcohol is caused in the sugar blanks, containing only the 
sugars and sulfuric acid, as well as in the tubes containing carbazole. 

In view of the fact that no solution for the elimination of the fluctuation 
has so far been found, the method should be used exactly as outlined in order 
to obtain reproducible results. 


SUMMARY 


A colorimetric method based upon the carbazole reaction is outlined for 
the quantitative determination of the polysaccharide content of serum. 

Absorption maxima of the compound formed between carbohydrate and 
carbazole occurred at two wave-lengths (5400 and 4400 A). Since the 
relative amounts of these absorptions varied for different types of sugars, 
the proper standard could be chosen for comparison with the carbohydrate 
under investigation, even if unknown, based upon the ratio of the extinction 
coefficients at these two wave-lengths. 

Comparable results were obtained whether the determination was made 
directly upon the polysaccharide which precipitated with the serum pro- 
teins in alcohol, or by subtracting the glucose content of serum from the 
total carbohydrate concentration. 

The concentration of carbohydrate in serum including glucose did not 
change over an indefinite period of time, if the sera were kept in the frozen 
state or just at the point of freezing. 

The average serum concentration of polysaccharide in thirty-nine normal 
individuals was 102.2 mg. per cent, with a range from 72.9 to 131.0 mg. per 
cent and the same individual bled at different times did not show much 
change unless disease was present. 

In three subjects a maximum variation of 13.3 mg. per cent of poly- 
saccharide was noted between the concentrations during fasting and after 
ingestion of meals containing considerable amounts of carbohydrate. 
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METABOLISM OF THE MALARIAL PARASITE, WITH REFER- 
ENCE PARTICULARLY TO THE ACTION OF 
ANTIMALARIAL AGENTS 
I. PREPARATION AND PROPERTIES OF PLASMODIUM LOPHURAE 


SEPARATED FROM THE RED CELLS OF DUCK BLOOD BY 
MEANS OF SAPONIN* 


By MARIANNA R. BOVARNICK, ANN LINDSAY, ann LESLIE HELLERMAN 


(From the Department of Physiological Chemistry, The Johns Hopkins University, 
School of Medicine, Baltimore) 


(Received for publication, January 22, 1946) 


A study of certain aspects of the metabolism of the malarial parasite, 
Plasmodium lophurae, from duck blood was undertaken in an attempt to 
elucidate the mode of action of some of the antimalarial drugs. It had 
already been shown by Christophers and Fulton (1) that parasitized mon- 
key blood exhibited a rapid oxygen consumption in the presence of glucose, 
and that this was suppressed by quinine (2), atabrine, plasmochin, and 
related drugs. Similar effects have subsequently been noted by others in 
observations with P. gallinaceum in the red cells of chicken blood as well 
as with P. knowlesi (3, 4). However, the nature of the inhibition and 
whether it was primary or secondary to a lethal action on the parasites 
were not indicated. 

It was believed that a clearer picture of the metabolism of the parasites 
might be obtained with parasites separated from the red blood cells, es- 
pecially in the case of those that occur in nucleated red cells. Christophers 
and Fulton found that Plasmodium knowlesi, separated from the red cells 
of monkey blood by saponin, was capable of some respiration in the pres- 
ence of glucose (5). More recently Speck and Evans by a similar method 
separated P. gallinaceum from the red cells of chicken blood and investi- 
gated some of the individual enzymes found in parasite extracts with 
regard to their sensitivity to atabrine and quinine (6). When attempts 
were made to separate P. lophurae from the red cells of duck blood by 
either of the described methods, it was found that the parasites had only 
avery low and rather rapidly declining rate of oxygen uptake, as compared 
to the stable respiration of the parasitized red cells. Therefore some 
alterations in the method of preparation to avoid damage to the parasites 
were necessary before material of high and moderately stable oxygen up- 


* The work described in this paper was done under a contract, recommended by the 
Committee on Medical Research, between the Office of Scientific Research and De- 
velopment and The Johns Hopkins University. 
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take could be obtained. The method finally adopted for destruction of 
the red cells, as well as some of the properties of the separated parasites 
thereby prepared, is described below. 


Methods 


Oxygen consumption was measured by the usual Warburg technique 
at 37°. Each flask contained 0.6 ml. of cell suspension diluted to a total 
volume of 2.4 ml. The buffer-salt solution! used in these measurements 
had the following composition: NaCl 0.0068 m, KCl 0.0865 m, Na,HPO, 
0.0275 m, KH,PO, 0.0025 m, MgSO, 0.0015 m; pH 7.6 (on addition of 
cells, the pH at once fell to about 7.3). All solutions added to the reaction 
mixture were brought to this or a closely similar salt concentration and 
pH. Glucose, when present, was added to a final concentration of 0.0058 
to 0.0116 Mo. 

For washing and suspending parasitized red blood cells and separated 
parasites, a buffer-salt solution of the following composition was used: 
NaCl 0.0145 m, KC] 0.088 m, NazgHPO, 0.021 m, KH,PO, 0.005 m, NaHCO, 
0.004 m, MgSO, 0.0015 m, glucose 0.0139 mM; pH 7.25. The glucose was 
omitted only for the final washings of cells that were to be used with other 
substrates. 

The parasitized duck blood was obtained through the courtesy of Dr. 
E. K. Marshall, Jr., and his staff shortly after it had been drawn from a 
duck with a 3 or 4 day infection of Plasmodium lophurae. The total para- 
site count on different samples varied between 8 and 13 X 10* parasites 
per ml. The blood was cooled, centrifuged, and the cells washed two or 
three times with 20 ml. of buffer-glucose solution per 10 ml. of blood, and 
then resuspended to the original blood volume in the same medium. 

After preliminary experiments in which various factors were tested, the 
following procedure was adopted for the separation of parasites from red 
blood cells. 1 volume of washed parasitized cells was warmed to 37°; 
to this was added 0.5 volume of 0.15 per cent saponin, dissolved in the 
buffer-glucose solution, and the mixture was held at 37° for 15 minutes 
(or in later experiments, only 5 minutes), followed by dilution with 2.5 
volumes of buffer-glucose, and centrifugation at room temperature for 10 
minutes. The supernatant was discarded and the parasite-nuclei mixture 
washed once at room temperature with 4 volumes of buffer-glucose, and 
then once or twice at 0° with buffer-glucose or buffer alone. The number 
of washings had no influence on the activity of the parasites. The para 
sites were finally resuspended in buffer to the original blood volume. 


! A similar solution was described by Trager (7). 
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Results 

The oxygen uptake of washed, parasitized red blood cells varied between 
18 to 60 microliters of O, per 15 minutes per 0.6 ml. This variation showed 
no correlation with the total parasite count. Differential counts were not 
made, but it was noted, in agreement with the observation of others (8-10, 
4), that the low rates of oxygen uptake were found with blood samples 
containing predominantly small forms of the parasites, and the higher rates 
with larger parasites. 

In evaluating the suitability of the procedures tried for preparation of 
cell-free parasites, the washed red blood cells were treated with saponin, 
washed, and finally resuspended to the initial volume or some known frac- 
tion thereof. The rate of O, uptake by 0.6 ml. of separated parasites could 


TABLE | 


Effect of Saponin Concentration and Temperature on Oxygen Uptake of Parasites 
Separated from Red Blood Cells 














einen No. | Fnweratuc of | Final concent Lictive to, | “Orapiake” | Reiter 

oe | per cent eens: oe per cent of initial 
ie 0 0.1 2 55 3 
| 37 0.1 2 13 
16-1 | Room 0.05 2 38 53 
37 0.05 2 63 
10-2 37 0.2 2 42 0 
0.1 2 32 
17-1 37 0.1 1.1 50 58 
0.05 2 ia: 
0.05 1.1 79 














| 
| 





then be directly compared with that of 0.6 ml. of the original parasitized 
cells. The factors of chief importance in the preparation of active sep- 
arated parasites were found to be the concentration and amount of saponin, 
and the temperature at which the cells were in contact with saponin. 
High yields were favored by use of the minimum amount of saponin re- 
quired for complete hemolysis, and by saponization at 37°, rather than at 
any lower temperature (Table I). Microscopic examination of both normal 
and parasitized duck blood indicated that a concentration of 0.05 per cent 
saponin, in a final volume 1.5 times that of the cell suspension, was neces- 
sary to insure complete hemolysis. Later experiments indicated that some 
blood samples may require less, so that for the best results the minimum 
concentration required by each particular blood sample should probably 
have been determined. 
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Attempts were made further to improve the “yield” of respiratory actiy. 


ity by change in the composition of the buffer or by addition of varioys 
substances with or immediately after the saponin. Variations in pH be. 


tween 7 and 7.6, in the Na:K ratio from 0.7 to 30, or addition of smal | 


amounts of Ca, Mn, Zn, Cu, or Fe, had no demonstrable effect. Addition 
of duck plasma, 1 volume, or of cholesterol (0.2 to 0.3 mg. per ml., kept in 
suspension by lecithin, 0.3 to 0.7 mg. per ml.) immediately after the 
saponin also was without effect, although either would have sufficed tp 
prevent the action of saponin upon the red blood cells if added initially. 

Properties of Erythrocyte-Free Parasite Preparations—The preparations 
showed a rate of O, uptake that averaged 70 per cent (55 to 92 per cent} 
that of the parasitized red cells, when prepared from fresh blood. If 
prepared 24 hours later, the yield was lower, 54 per cent (38 to 67 per cent), 
Part of the loss of respiratory activity undoubtedly was attributable to 
destruction of the red cells. Normal duck red cells had an appreciable 
O, uptake, averaging 6 microliters of O, per 15 minutes per 0.6 ml., as 
compared to 18 to 60 microliters for parasitized cells. The O. uptake of 
the normal cells was completely lost after saponization and washing of the 
nuclei. It is quite possible that the metabolic activities of host and para- 
site cells are not distinct entities, and it is certainly unlikely that the frae- 
tion of the respiration assignable to the red cells as such is identical with 
the normal red cell respiration. Therefore it would appear to be impossible 
to estimate with complete accuracy the loss to be expected on separation 
of parasites from red cells. If the rate observed with normal cells is used 
as at least a rough estimate and subtracted from the total to give a measure 
of the respiration due to parasites in the cells, the respiratory activity 
retained after saponization of fresh blood becomes 88 per cent (68 to 107 
per cent). Some of the variation noted may have resulted from the cir- 
cumstance mentioned above, that certain blood samples actually required 
less than the selected amount of saponin for hemolysis. 

The respiratory quotient of the separated parasites, with glucose as sub- 
strate, varied with different blood samples between 0.7 and 1.0, indicating 
that with some glucose utilization was complete, with others incomplete. 


2 Dr. E. K. Marshall, Jr., and his staff in experiments with the washed separated 
parasites found in the latter a definite but low degree of infectivity. The parasites 
were given intravenously in doses of 1200, 300, 240, 60, and 12 X 10* parasites to groups 
of three or four ducks weighing 100 to 150 gm. Parasites were first detected in blood 
smears of all twelve of the birds given 60 X 10° or more parasites between the 6th and 
10th days after infection. Parasites were seen in blood smears of two of the four 
ducks receiving 12 X 10* between 10 and 13 days after infection. It was estimated 
from the day of appearance of the infection that less than 100 infective parasites 
apparently were contributed by the dosage of 12 X 10°. 
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A similar variation in the r.q. of parasitized red cells (10) has been de- 
scribed. 

The respiratory activity of the separated parasites kept at 0° was less 
stable than that of the parasitized red blood cells maintained under the 
same conditions. The latter after 24 hours storage showed an O, uptake 
88 per cent (72 to 100 per cent) of that of the fresh cells, while the former 




















TaBLE II 
Rate and Stability of Oxygen Uptake of Separated Parasites with Certain Substrates 
Relative rate* Per cent of initial rate remaining 
Substrate Concentration No. of mm No. of No. of 
experi- hr. | ¢xPeri- 2nd hr. experi- 3rd hr.t 
ments ments ments 
Mw 
None 25 10 1 
Glucose 0 .006-0 .012 100 | 33 | 89 (83-97) 24 | 81 (70-91) 
Lactate 0.0125 7 109 5 | 81 3 | 63 
Glucose 0.01 5 | 89 3 | 78 
Pyruvate 0.002 8 95 3 | 86 
Glucose 0.01 3 | 92 
Succinate 0.008 11 31 10 | 62 
Glucose 0.01 10 | 90 
Fumarate 0.008 4 28 4 | 92 
Glucose 0.01 4 | 93 
Adenosine tri- 0.00024 4 29 3 | 80 
phosphate 
Glucose | 0.01 3 | 89 
Adenylic acid} 0.00024 7 26 4 | 80 
Glucose 0.01 93 


























* Rates are here expressed relative to the rate of O, uptake with glucose as sub- 
strate, this being taken as 100. 

t In several experiments with glucose as substrate the rate was observed for a 
longer period; per cent of initial rate 4th hour, 75 (62 to 80) ; 5th hour, 64 (55 to 75). 

1 See the text. 


showed 76 per cent (71 to 82 per cent) of their original activity. In both 
cases, data only for cells stored with glucose were included in the average, 
since those stored in its absence had considerably less stability. 

At 37°, the difference in stability was more marked. Parasitized red 
blood cells had a constant or even a slightly increasing O, uptake for at 
least 5 to 6 hours; the parasites, a rate linear for 60 to 90 minutes and there- 
after slowly decreasing (Table II). Various substances, in addition to 
glucose and buffer, were added to the parasites in an attempt to increase 
their stability. These included yeast extract, duck plasma, duck red 
blood cell extract (prepared by dilution or by freezing and thawing), 
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succinate, 0.00024 m adenosine triphosphate (ATP) or adenylic acid, and 
a mixture of the known growth factors and vitamins. Some of these sub. 
stances did increase the rate of oxygen uptake: yeast extract increased jt 
about 20 per cent, succinate 30 per cent, fumarate 13 per cent, and plasma 
10 per cent; the others had no effect on the rate. None led to an increased 
stability. Whether the slow decline in rate of O. uptake was due to damage 
to the parasites or to a defect in the medium remains undecided. 
Substrates Utilized—With separated parasites, washed free from glucose 
after saponization, it was readily possible to demonstrate an oxygen uptake 
with certain other substrates (Table IT), since with buffer alone such para- 
sites showed only a small O, uptake that decreased nearly to zero in about 
90 minutes. Only lactate and pyruvate gave a rate approximating that 
found with glucose but with none of the substrates was the rate as stable 
as with glucose; however, except in the case of succinate, the differences 
in stability were not marked. The results for each substrate are compared 
with the glucose results for the particular blood sample, inasmuch as dif- 
ferences in stability were found in parasites prepared from different samples 
of blood, while the results for any one blood sample were quite consistent. 
For convenience of representation, ATP and adenylic acid are included in 
the list of substrates, since their addition brought about an increase in 
O, uptake; in view of the fact that respiration in these instances had an 
r.Q. of 1.0, and was absent in controls to which had been added the produets 
from ATP, initially heated at 100° for 10 minutes in nN HCl, it seems prob- 
able that their’s was the usual catalytic réle, here associated possibly with 
the oxidation of some polysaccharide already present in the cells. 
Preparation of Pyruvate Solutions—In connection with the behavior of 
the parasites toward different substrates, it should be noted that at first 
erratic results were obtained with pyruvate. With buffer-washed para- 
sitized red blood cells the use of pyruvate generally resulted in an oxygen 
consumption nearly as rapid as with glucose; on the other hand, with 
separated parasites there occasionally was obtained little or no O, uptake, 
and at other times the rate was approximately that observed with glucose 
as substrate. It was eventually noted that this variability lay in the pyru- 
vate solutions rather than in the parasites. Those solutions that them- 
selves afforded very low rates also inhibited more markedly the oxidation 
of glucose when added therewith. All solutions were prepared by dilu- 
tion with ice water of pyruvic acid freshly distilled at 3 mm., followed by 
neutralization with sodium hydroxide to approximately pH 6.8. However, 
in some cases a slight excess of alkali was added before the desired end- 
point was attained; it was found that these solutions gave the very low 
rates. Those prepared without even temporary overneutralization con- 


’ Analysis for reducing sugar (11) showed that no detectable glucose was present. 
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sistently showed an oxygen uptake 80 to 100 per cent of the glucose rate, 
when the final pyruvate concentration was 0.002 to 0.003 mM. It was never 
possible to prepare a pyruvate solution that did not inhibit somewhat at 
higher concentrations. 

In Table III are given the average results from several experiments, 
demonstrating the difference in behavior of exactly neutralized and tran- 
siently overneutralized pyruvate solutions as well as the differences in 
sensitivity thereto of separated parasites and parasitized red blood cells. 

Respiration in Presence of Cyanide and Cresyl Blue—In an attempt to 
detect if possible the functioning of a flavoenzyme associated with respira- 
tion in the parasites, their behavior with cyanide and certain reversible 


Taste III 
Oxygen Uptake of Parasites and Parasitized Red Blood Cells with Pyruvate 


As Substrate 


Rates are given as percentages of the rate with glucose as sole added substrate. 


| Pyruvate (0.002-0.003 m) Pyruvate (0.0125 m) + 
| and no glucose glucose (0.0115 m) 
Nature of pyruvate preparation Para- | Daan. 
: ee | sitized iia sitized 
Parasites — Parasites oes 
| cells | cells 





64 (40-67) 


95 (80-105) 





From freshly distilled pyruvie acid, 


| 

| 

| 

| 

not overneutralized 
| | 

| | 


From freshly distilled pyruvic acid, 14 (8-22) 94 34 (23-63) | 93 
transiently overneutralized | 
From old pyruvic acid, not overneu- | 43 (23-63) | 86 43 (40-46) | 


tralized 








dyes was studied. This segment of the investigation was motivated by 
the consideration that in tissues flavoprotein catalysis may in certain cases 
be “separated” from metalloenzyme catalysis by this procedure (12-15). 
In harmony with certain previous observations (8, 1) it was noted that the 
addition of 0.001 m cyanide nearly completely inhibited the oxygen con- 
sumption of the parasites, both as to separated material and parasitized 
red blood cells. Certain dyes, e.g. cresyl blue, thionine, methylene blue, 
toluidine blue, and toluylene blue, have been found partially to restore the 
oxygen consumption. Unfortunately these dyes also inhibit markedly 
the rate of oxidation in the absence of cyanide, so that they cannot be con- 
sidered to be “‘ideal”’ substitutes for the iron catalysts. Cresyl blue ap- 
peared slightly less inhibitory and more catalytically active than the others 
(16) and was used in most of the experiments. It inhibited glucose oxida- 
tion about 35 per cent (25 to 45 per cent) and increased the rate in the 
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presence of cyanide from nearly zero (average, 7 per cent of the glucoge 
rate) to 42 per cent (30 to 64 per cent) of the glucose rate. 

The respiratory activity was less stable in the presence of cresyl blue, 
with or without cyanide, than in its absence, declining even during the Is 
hour. The inhibitory effect of cresyl blue probably is most marked with 
respect to the later stages of glucose utilization, since the R.Q. in its presence 
is markedly reduced (Table IV). Furthermore, pyruvate oxidation in one 
experiment was inhibited 70 per cent by cresyl blue, and glucose oxidation 
only 45 per cent. 


TaBLe IV 
Respiration of Parasites and Red Blood Cells in Presence of Cresyl Blue 











HCN, 0.00125 y: 




















“a | . a Cresy! blue 
Experi- | Control HCN, 0.00125 a . cresyl blue, 
ment Type of cell | 0.05 mg. per mi. 0.05 mg. per ml. 
No, ee Se sa ee caste 
| Rate R.Q Rate | Rate r.Q. | Rate | ra. 
microliters | microliters | microliters microliters 
O2 per 15 | Oz per 15 Os per 15 Oz per 15 
min. | min. | min. min. 
| 
21 | Separated | 27.1 | 0.83 | 14.8 | 0.53 
parasites | | 
21 | Parasitized | 33.2 42.5 11.9 
red cells 
21 | Normalred | 6.3 | | 14.7 
cells | } | 
| - | none a ‘ -- 
23 Separated | 13.9 | 0.71 | 1.3 9.4 | 0.57] 8.9 | 0.51 
parasites | 
24 | “4 34.5 | 0.93 | 0.2 | | 10.8 | 0.63 
' | ——— - i= 
| | NaNa, 0.01 | 
NaNg, M; cresyl 
| 0.01 m blue, 0.05 
| mg. per ml. 
ee ann 2 
is} «« | a2 | ar. ee | 8.6 


Parasitized red blood cells differ from the parasites in their behavior 
toward cresyl blue. Their rate of O, uptake is increased rather than de- 
creased by the dye. This increase must be attributable in part to in- 
creased red cell respiration, since a similar effect is exhibited by normal 
red cells (Table IV; also (17, 18)). However, in the presence of cyanide 
and cresyl blue, the parasitized red cells resemble the parasites in that the 
resultant O, uptake is slow compared to the normal rate (Table IV). 

In a few experiments sodium azide in place of cyanide was employed as 
respiratory metalloenzyme inhibitor (19). However, this reagent proved 


to be much less effective as inhibitor of O. uptake under the conditions, 
failing, even in a concentration of 0.01 m, to inhibit oxygen consumption 
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completely. With sodium azide, as with cyanide, the rate of oxygen up- 
take was partially restored by addition of cresyl blue. That the O, up- 
take with both cresyl blue and cyanide (or azide) approached the rate with 
cresyl blue alone, and further that the r.q. was found to be very similar 
under both conditions, suggest that the restoration of respiratory activity 
to eyanide- or azide-treated cells is limited by an inhibitory effect of the 
catalytically active dyes upon one or more of the non-metalloenzymes 
involved in respiration. 

Effect of Atabrine and Quinine—In agreement with the observations of 
other workers on parasitized red blood cells (3, 4), it was found that low 


TaBLe V 
Effect of Atabrine and Quinine on Rate of Oxygen U ptake by Parasites 























Atabrine Quinine 
No. of 
Type of cell Substrate experi-| 0.0 | 0.001 a« | 0.0001 a 0.001 «| 0.0001 x 
ments 
Inhibition 
| per cent| percent | per cent| per cent 
Separated para- | Glucose, 0.011 m 5 51 24 50 4 
sites " HCN,0.001; 2 7 9 6 6 
| mM + cresyl blue, 
| 0.05 mg. per ml. 
Lactate, 0.0125 m 2 20 
| Pyruvate, 0.002- 2 63 23 
| 0.003 m 
| Succinate, 0.008 m 6 18 
| Fumarate, 0.008 ‘* 5 15 
Parasitized red | Glucose, 0.011 ‘‘ 3 55 22 
cells 
res pira-| respira-| respira- 
tory tory tory 
quotient) quotteni| quotient 
Separated para- - 0.011 “ 0.93 | 0.88} 0.88 
sites 




















concentrations of atabrine and quinine had only a slight effect on the rate 
of parasite respiration, while higher concentrations, e.g. 0.001 Mm, did in- 
hibit significantly. Since there was little change of R.q. in the presence of 
atabrine, and since the inhibition did not differ markedly with various sub- 
strates, there was no immediate clue as to the stage of oxidation with 
which atabrine might interfere. In contrast to the action of cresyl blue, 
the characteristics of inhibition by atabrine are similar in parasitized red 
cells and in separated parasites. 

In view of certain observations‘ (20, 21) on inhibitions of flavoenzyme 


‘Unpublished results of the authors. 
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activity, it seemed worth investigating whether interference by competition 
with the prosthetic group of one or more flavoproteins might account fo 
the observed atabrine inhibition of parasite respiration. The study 
“‘eyanide-cresyl blue respiration”’ permitted an opportunity for a test of 
such an assumption. It was found, however, that respiration under they 
conditions was practically unaffected in the presence of concentrations of 
atabrine and quinine as high as 0.001 m (Table V). It would seem, ther. 
fore, that if respiration in these cells under such conditions actually js 
mediated through a flavoprotein, the latter may be one that, like Straub’s 
flavoprotein from heart muscle (15), is not subject to dissociation by ata. 
brine.* 


SUMMARY 


1. A method is described for the separation of Plasmodium lophura 
parasites from the red cells of parasitized duck blood. The separated para- 
sites had an oxygen consumption that averaged 70 per cent that of the 
original blood. The rate of oxygen uptake with glucose as substrate was 
stable for 60 to 90 minutes at 37° and thereafter declined slowly. 

2. Parasites washed free of glucose also showed an oxygen uptake with 
certain other substrates; with lactate and pyruvate the rate was approxi- 
mately the same as with glucose; with succinate and fumarate it was 30 
per cent of the glucose rate. 

3. The oxygen uptake of the parasites was completely inhibited by 
cyanide and could be restored partially (40 per cent) by cresyl blue, al- 
though cresyl blue alone inhibited normal respiration to some extent. 

4. The inhibition by atabrine and quinine of the oxygen uptake of the 
separated parasites with various substrates is described. Only at a con- 
centration of 0.001 m was inhibition marked, approximately 50 per cent. 
There was no selective inhibition of the oxidation of glucose, lactate, 
pyruvate, succinate, or fumarate. The cyanide-cresyl blue respiration 
was not affected by atabrine and quinine. 
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METABOLISM OF THE MALARIAL PARASITE, WITH REFER- 
ENCE PARTICULARLY TO THE ACTION OF 
ANTIMALARIAL AGENTS 


U. ATABRINE (QUINACRINE) INHIBITION OF GLUCOSE OXIDATION 
IN PARASITES INITIALLY DEPLETED OF SUBSTRATE. REVERSAL 
BY ADENYLIC ACID* 


By MARIANNA R. BOVARNICK, ANN LINDSAY, anp LESLIE HELLERMAN 


(From the Department of Physiological Chemistry, The Johns Hopkins University, 
School of Medicine, Baltimore) 


(Received for publication, January 22, 1946) 


As described in Paper I (1), atabrine, except in relatively high concen- 
trations, does not markedly inhibit the oxygen uptake of Plasmodium 
lophurae under the conditions there reported. However, it was subse- 
quently noted that parasites that have been thoroughly exhausted of sub- 
strate oxidize glucose only after an induction period; in the presence of 
atabrine the oxygen uptake then is strongly inhibited at considerably 
lower concentrations than is the case with cells not deprived of glucose. 
Afurther study of this phenomenon was undertaken and is described below. 


Methods 


The erythrocyte-free Plasmodium lophurae parasites were obtained as 
previously described (1) from fresh, washed parasitized duck red blood 
cells, or from such cells after 24 hours storage at 0°, and were used within a 
few hours of the time of preparation. The only apparent difference be- 
tween parasites prepared from fresh and from 24 hour red cells was a lower 
total activity in the latter case in which the rate of O, uptake with glucose 
averaged 82 per cent (70 to 94) that of parasites prepared from fresh red 
cells. In these experiments the cells were washed twice with buffer con- 
taining no glucose, four times the original cell suspension volume being 
used for each washing. The usual buffer (1) was used except for experi- 
ments that required phosphate analyses. Here, the parasites were washed 
with a salt solution of the following composition: KCl 0.0826 m, NaCl 
0.0574 m, MgSQ, 0.0015 . 

To complete the removal of oxidizable substrate from the parasites, 
they were suspended in glucose-free buffer, 0.6 ml. of cells, and 1.6 ml. of 
buffer in Warburg vessels and shaken at 37°, usually for 100 minutes; then 


* The work described in this paper was done under a contract, recommended by the 
Committee on Medical Research, between the Office of Scientific Research and De- 
velopment and The Johns Hopkins University. 
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0.2 ml. of 0.07 or 0.14 mM glucose was added from the side arm. Readings 
were taken at 15 minute intervals. Other additions were made initially 
or with the glucose, as indicated, the final volume being kept the same 
For experiments in which changes in phosphate were followed, the usuyg| 
phosphate-salt solution could not be used as buffer, and veronal proved ty 
be strongly inhibitory. However, egg albumin, in a final concentration of 
about 2.5 per cent (3.4 mg. of N per ml.), was found to be an essentially 
inert and non-inhibitory buffer. It was prepared according to Kekwick 
and Cannan (2), dialyzed free from salt, and adjusted to pH 7.6 and to 
the desired protein concentration after determination of total nitrogen 
by Kjeldahl analysis. It was also adjusted to the same salt concentration 
as the above KCl-NaCl solution and then sterilized by Seitz filtration, 
In this way it could be kept in solution ready for use and free from bae- 
terial contamination almost indefinitely at 0°. 

Adenosine triphosphate (ATP) was prepared from rabbit muscle accord- 
ing to Needham (3). Adenylic acid (adenosine-5-phosphate) was pre- 
pared from ATP by Ba(OH); hydrolysis, as described by Kerr (4). Crude 
coenzyme I (DPN) was prepared by the method of Williamson and Green 
(5) and was found to be 35 per cent pure. Flavin-adenine-dinucleotide 
(FAD) was prepared according to Warburg and Christian (6). A mixture 
of FAD and flavin mononucleotide was prepared by heating a solution of 
FAD for 10 minutes in N HCI at 100° (7). It was found to have decreased 
activity with d-amino acid oxidase and no benzy] alcohol-extractable pig- 
ment. 

When glucose disappearance as well as O. uptake was to be followed, the 
contents of the Warburg vessels were transferred to centrifuge tubes, cooled, 
centrifuged, and the supernatants used for analysis for reducing ability 
by the Folin-Malmros method ((8), Umbreit (9) p. 103). 
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When changes in phosphorus (P) distribution were followed, a total vol | with: 


ume of 3.2 ml., with proportionate increase in the parasite suspension 
volume from 0.6 to 0.8 ml., was used in each Warburg vessel. At the de- 
sired time the contents of three similarly treated vessels were combined 
and cooled. 1 volume of cold 16 per cent trichloroacetic acid was added, 
the mixture centrifuged and filtered, and 2 ml. of the filtrate used for each 
analysis. In a few cases parasites and supernatants were analyzed sep 
arately. The flask contents were centrifuged cold and fhe supernatants 
removed. The parasites were extracted with 8 per cent trichloroacetit 
acid and the supernatants precipitated with 1 volume of 16 per cent tt 
chloroacetic acid. Aliquots of each fraction equivalent to 1 ml. of the 
original reaction mixture were used for the analysis. Since in most it 
stances the absolute amounts, and in all cases the concentrations of all? 
fractions were considerably higher in the cells than in the supernatants, 
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the cells were not washed before extraction with trichloroacetic acid. 
Analyses for inorganic, total, and labile P were all carried out in duplicate, 
essentially as described by Le Page and Umbreit ((9) p. 163). 


Results 


In Table I are summarized the results of numerous experiments on the 
rate of oxygen uptake after addition of various substrates to parasites 
that initially were shaken for 100 minutes in substrate-free buffer. In 
order to average the results of experiments done at different times, all the 








TaBLe I 
Rate of Oxidation of Various Substrates by Parasites Initially Depleted of Substrate 
veld Relative rates* 
| Sub- Substrate added after | Per cent inhibition 
Substrate strate depletion of final rate by 0.0001 u 
hanya = pp aRamne ¥ Yor Sem atabrine 
| to non- NO.Oo o I _ 
; 15 | 15-30] Fi- 
a = ye pone min. min. a 
nied Fact Bilowed | 
| | 
Glucose 0.006 | 100 23 | 8 | #4 59 | 80 (50-95) 
aie 0.006 100 11 | 6 |2% 57 87 (83-95) 
Lactate 0.0125 | 109 | 4 | 41 | 59 | 61 | 20 (15-25) 
Pyruvate 0.002 9 | 4 | 20 | 54 | 58) 38 (10-60) 
Succinate 0.008 31 | 2 | 17 | 25 | 15/38 (36-40) 
Fumarate 0.0088 {| 28 | 2 | 9 | 21 | 15) 0 (+20 to —20) 
Adenosine triphosphate} | 0.00024 | 29 | 2 1.516 | 13 | 15 (0-30) 
Adenylic acidt 0.00024, 26 | 3 | 9 | 17 14 | 16 (16-17) 











* Rates relative to the rate of oxidation of glucose by the same parasite prepara- 
tion, taken as 100, when the glucose was added simultaneously with the parasites. 

t These comprise tests solely with those parasite preparations that were studied 
with the other substrates. The first line includes all glucose tests (see the text). 

t Included here for convenience of representation; compare foot-note 1. 


rates were calculated relative to the rate of oxidation of glucose by the 
same parasite preparation, when the glucose was added to the reaction 
mixture simultaneously with the parasites. Moreover, in averaging the 
results for this and Tables II to X, duplicate experiments with para- 
sites from any one blood sample, even if conducted on different days, 
have been counted as one experiment, since the results always agreed 
closely except for a gradual decrease in absolute activity with age. On the 
other hand, especially with regard to their sensitivity to atabrine, different 
blood samples varied. The column headed “Final” in Table I refers to 
the rate 40 to 90 minutes after addition of substrate to depleted cells. 
By this time the cells to which glucose had been added had achieved their 
maximum, relatively constant rate of O, uptake. 
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With all substrates the rate during the first 15 minutes was less than the 
final rate. However, the difference was conspicuously greater for glucog 
than for the other compounds, with the exception of ATP,’ with which the 
delayed increase in O, uptake probably was associated with the imperme. 
ability of the cells to the ATP itself.2 Pyruvate also gave evidence of g 
slight incubation period during this interval. On the basis of the more 
reliable data for the second 15 minute period it is clear that only in the 
ease of glucose is there a pronounced induction period. The final rate 
with each substrate was only 50 to 60 per cent of that obtained when the 
substrate was added initially, without depletion, indicating that inaddi- 
tion to the reversible inhibition chiefly of glucose oxidation, some irrever- 
sible damage affecting the behavior of the parasites toward all substrates 
had taken place during the substrate depletion period. The duration of 
the induction period on addition of glucose and the extent of final recovery 
varied with the length of the initial substrate-free period. The shorter 
this period, the shorter the subsequent induction period and the greater 
the extent of recovery. 

The induction period could be shortened considerably if there was 
added during the depletion stage, or together with the glucose after de- 
pletion, any one of the following: fumarate, succinate, adenylic acid, or 
ATP (Table II). The four substances were approximately equally effec- 
tive if present during the depletion period. In the case of addition simul- 
taneously with glucose, the rate was at once increased by succinate, fuma- 
rate, or adenylic acid, but less rapidly by ATP, an effect again occasioned 
probably by the impermeability of the cells to ATP. The increased 
rate of O, uptake during the first half hour was greater than could be 
accounted for by a mere summation of the two rates; 7.e., for glucose and 
the second substance. The final rate with succinate or fumarate was sig- 
nificantly greater than the control, and only slightly greater with adenylie 
acid or ATP, as might have been anticipated from the fact that the first 


two have been observed generally to exert an additive action when used 


with glucose, while the latter two have not (1). 

Atabrine Inhibition after Substrate Exhaustion—When atabrine (initial 
concentration 0.0001 mM) was present during the depletion period, or even 
if it was added with the substrate, the recovery of oxygen uptake with 
glucose usually was inhibited 80 to 90 per cent. This was in marked con- 
trast to the 20 per cent inhibition observed with this concentration d 
atabrine when glucose was used with non-depleted parasites (1). The 
average inhibition with substrate-exhausted parasites from twenty-five 

1! Adenylic acid, added as such or furnished through hydrolysis of added ATP, 
possibly accelerated oxidation of an intracellular substrate (1). 


? This is discussed later. 
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blood samples was 80 per cent. With the majority, twenty-one, the in- 
hibition varied between 78 and 95 per cent, average 85 per cent; the other 
four showed an average inhibition of only 55 per cent (50 to 70 per cent). 
A few experiments (Table II1) were performed in which the total atabrine 
concentration was varied. These indicated that there was a rather abrupt 


TaBLe II 
Effect of Succinate, Fumarate, Adenylic Acid, and Adenosine Triphosphate (ATP) 
on Duration of Incubation Period 
All rates are given as per cent of the rate with glucose when this is added before 
depletion. 
in sm Present during depletion Added with glucose 


Relative rate after addition 


Relative rate of glucose 


| 
| 




















3 | After addi 2 

Substance added . § ig tion of & | O15 min. | 15-30 min. | 

|Concen-| £ = glucose £ 

tration | i = a ey ee —— = 

| | 8 | Sel ¢ Sizi zizl 3] 
| «6 (CIR Elsl ele] zlglals 
LZ la -leiélelélelsl|alé 

M ~~ | | 

Succinate 0 9 |14 | 8| 64] 4] 9] 43 | | 66 
0.008 32 | 56/88) | 41 | 26 | 87 | 68 | 84 
Fumarate 0 4/11 | 7] 62] 5] 11] 37 | | 62 
(0.008 28 | 56 | 86 | 17 | 20 | 59 | 38 | 74 
ATP 0 4} j13}71]/ 7) 3} jaz] | 55 
cutee 20 |65|79| | 7] & | 57] 43 | 55 

“ acid-treatedt fl | 1/11 | 8/61] | | 

lo. ened 3 |13| 50) | | | 
Adenylie acid o | 7 jm | 5|s7| 6| 4 | 28 | 53 
0.00024! 26 | 51/69! | 25/13 | 63) 45 | 59 
Yeast adenylic acid §=fo =| 1 | 9 | 7/65| 2} 4] | 38} | 38 
(0.00024) | a1 | 15 | 73 | | 15 }39| | 87 








* From the sum of the control value and the value given for the particular sub- 
strate in Table I. 
t Heated 10 minutes at 100° in n HCl. 


change in inhibition with increase in concentration, the concentration at 
which this change occurred varying with different preparations. 

The cause of this difference in sensitivity in parasites from certain blood 
samples is not known. It may be that the inhibition depends not upon 
the total atabrine added, but rather on the actual concentration in the 
parasites, and that this in turn varies with the free atabrine concentration. 
The latter quantity was estimated by analysis (10) of the supernatant 
after removal of the parasite-nuclei mixture by centrifugation. With a 
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total atabrine concentration of | X 10~* M, there was found in one experi- 
ment a free atabrine concentration of 0.05 & 10-* m and in a second 0] 
xX 10-* mu. A total atabrine concentration of 3 XK 10“ M gave a free 
atabrine concentration of 0.4 X 10-* m in both instances. With nuelej 
from normal blood, prepared in the same way as the parasite-nuclei mix- 
ture, 10-* m atabrine added gave a free concentration of 0.16 XK 10- ». 
These results indicate that the free atabrine was decidedly lower than the 
total. A large portion of the atabrine is removable by the nuclei, and 
may be unavailable for the parasites. It is conceivable that there might 
be variation in the amount of atabrine bound by the nuclei, and, since this 
is so large a proportion of the total, small variations might lead to greater 
variations in free atabrine and hence in the effectiveness resulting from 
any particular initial concentration. Whether there would be better 


TaB_e III 


Relation between Concentration of Atabrine and Adenylic Acid and Inhibition of Glucose 
Oxidation in Substrate-Depleted Parasites 





Atabrine 
0.00003 u | 0.0001 u 0.0003 mu 
Adenylic acid 
0 | 0 0.00012 mu 0.00024 m | 0 | 0.00012 u 0.00024 u 
Per cent inhibition 
82 S9 31 9 
10 79 7 79 29 
-- |} 81 | 7 | 23 | 85 
62 86 32 8S 43 


quantitative correlation between the degree of inhibition and the free 
atabrine concentration is not known. 

It can be seen from the data in the last column of Table I that the 
atabrine inhibition of oxygen uptake by substrate-depleted cells is very 
much more marked with glucose than with any other substrate. When, 
in place of glucose, there was added after depletion lactate or fumarate, 
the inhibition by atabrine was no greater than when these substrates were 
used with non-depleted cells (1). With succinate there was a somewhat 
greater inhibition, but the absolute rates with this substrate were almost 
unreliably low under the new conditions. Pyruvate oxidation by the de 
pleted cells also showed an increased sensitivity to atabrine. However, 
the magnitude of this sensitivity has not been thoroughly explored. The 
results were more variable than with glucose, and in no case was the final 


inhibition as great. ‘ 
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It must be emphasized that the atabrine “block” was observed only with 
separated parasites. When parasitized red blood cells were washed several 
times with glucose-free buffer and resuspended in buffer, their oxygen 
uptake was reduced to about 25 per cent of the rate with glucose and this 
rate declined only slowly during the course of 3 to 4 hours, in contrast to 
the rapid decline of the rate with washed, substrate-free parasites to nearly 
zero in about 100 minutes. Since it was impracticable here to obtain 


TaBLe IV 


Antagonism by Various Substances; Glucose Oxidation in Substrate-Depleted Parasites 


| Per cent inhibition by 0.0001 m atabrine 
Time of | No.of ex- | -- 
, iti | i | Ss 
addition periments f Plus antagonist 
Control | 
| (1st column) 




















ATP,* 0.00024 | 0 4 88 (78-93) | 32 (25-39) 
100 5 88 (81-92) | 34 (25-39) 
100 1 88 | 7 
Adenylic acid, 0.00024 m 0 7 85 (79-92) | 25 (7-33) 
0 1 84 | 77 
| 100 9 | 84(71-93) | 25 (3-45) 
Succinate, 0.008 a 0 3 | 83 (79-90) | 45 (40-52) 
| 0 3 =| 88 (83-95) 80 (77-85) 
| 100 2 84 (80,87) | 74 (67, 82) 
Fumarate, 0.008 m 0 2 84 (80, 88) | 38 (36, 40) 
0 3 80 (76-83) | 68 (66-71) 
100 3 86 (83-89) | 72 (70-76) 
Yeast adenylic acid, 0.00024 m 0 1 8S 89 
100 2 72 (56, 88) 70 (54, 86) 
Crude DPN,t 160 y per ml. 0 1 79 35 
Same, autoclaved 0 1 40 
ATP, 0.00024 m 0 1 90 35 
Same, acid-treated} 0 1 88 








* Adenosine triphosphate. 
tSee the text. 
t Heated 10 minutes, n HCl, 100°. 


substrate-depleted parasitized red cells, glucose was added after a 3} hour 
period, when the rate was still 15 per cent of the control, whereupon the 
0, uptake at once increased and reached its maximum value with only a 
slight induction period. Under the conditions, the recovery was hardl~ 
significantly more sensitive to atabrine than was the normal oxygen uptake. 

Reversal of Atabrine ‘Block’? by Adenylic Acid—The effect. of atabrine 
upon glucose utilization in parasitic cells initially substrate-depleted can 
be partially or completely prevented by the addition of adenylic acid or 
ATP (Table IV). There is some variation in the extent of the reversal, 





—— 
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but in only two of the eighteen blood samples tested was the inhibition 
not significantly decreased by the one or the other. Variation in response 
to any fixed concentrations of inhibitor and antagonist would be antic. 
pated from the variations in atabrine sensitivity and the dependence of the 
degree of reversibility upon both atabrine and adenylic acid concentration 


TABLE V 


Comparison of Effect of Adenylic Acid and Fumarate on Atabrine Inhibition in 
Substrate-Depleted Parasites 

The rates, except for the values in parentheses, are those attained 60 to 120 min. 
utes after addition of the indicated substances to substrate-depleted cells, at which 
time those to which glucose alone had been added had reached their maximum rate of 
O,. uptake. In the last two experiments fumarate and adenylic acid, when present, 
were added at the start of the depletion period and the values in parentheses are the 
rates of oxygen uptake during that period, before addition of glucose. All rates are 
given in terms of microliters of O, per 15 minutes. 


















































Atabrine 
0.0001 | 0001 | a - | ; 
| 0.000 is: = - 
Initial ° ~ . eo 1818 
Experi- rate | jo | | o | | cs 
ment No. with ee 
glucose* | Adenylic Glucose added | from side arm 
Fumarate | cenyic - — 
d added ; 
added from ‘oa ide IN With 
: s | No other With : 
olde orm arm No other wit — 
microli- | | aes ial 
ters Or per 
15 min. | } | 
50 30.4 | Final rate 5.0) 3.8 | 4.3 | Z 6 |17.8) 3.0/23.0) 6.6)18.0)13.2 
% inhibition | 22 | | 83 a 71 26 
42 28.3 | Final rate 5.5 | | 117 4| 5.8)18.7)11.3 
% inhibition | s 70 40 
ES a = 
Fumarate | Adeny slic 
added with (acid added with | | 
parasites | parasites 
| ee | | 
38 | 28.3 | Final rate (8. 9)| (7.7)|(6.5)| (5.7)|19.6) 2.3/26.6/16. 1/22.7|14.4 
% inhibition |(14) (12) | 88 | 40 36 
60 | 24.8 | Final rate —|(5.2)| (4.5)|(6.0)| (5.8)/12.4] 2.1/19.6) 6.6/13.6| 9.2 
| % inhibition |(12) (3) | 83 | 66 32 





* Glucose added before substrate depletion. 


(Table III). The averaged results given in Table IV indicate also a fairly 
frequent reversal by succinate and fumarate. When comparisons were 
made between adenylic acid and succinate or fumarate with the same part 
sites, the atabrine antagonism usually was decidedly more marked with 
the former (Table V), although in a few experiments fumarate appeared 
to bring about as good reversal of the inhibition as did adenylic acid 
(Table V, Experiment 38). From these results it might be supposed that 
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any substance capable of producing an increased oxygen consumption 
could in a non-specific way lead to decreased cell damage and consequently 
decreased atabrine sensitivity. However, this probably is not the chief 
explanation. The most efficient agents, adenylic acid and ATP, do not 
appear to prevent cell damage, as reflected by the extent of recovery of the 
rate of oxygen uptake (Table II). Also they are effective whether added 
before or after substrate depletion, whereas protection by succinate and 
fumarate is observed only when these substances are present throughout the 
experiment. The decrease in atabrine sensitivity under the latter condi- 
tions may be related to frequent observations (11-13) that the oxidation 
of numerous substrates is associated with phosphorylation and would tend 
to maintain a high concentration of ATP.* 

In view of the rather unexpected increase in O2 uptake observed upon the 
addition of adenylic acid or ATP alone to substrate-free parasites (1), it 
seemed necessary to find some evidence that the effects of these compounds 
were not to be attributed to some impurity. Therefore four different 
preparations of adenylic acid were tested simultaneously. Two were 
prepared in this laboratory from two different ATP preparations, one of 
these being recrystallized once and the other six times. The other samples 
of muscle adenylic acid were obtained from Dr. Mary V. Buell. They had 
been isolated from heart muscle at different times (14). Identical results 
with respect to (a) rate of oxygen uptake in the absence of substrate, (b) 
shortening of the incubation period, and (c) antagonism of atabrine action 
were obtained with all preparations upon three different parasite prepara- 
tions from two different blood samples. Furthermore all of these effects 
of adenylic acid were abolished by 10 minutes hydrolysis of this nucleotide 
with n HCl at 100°, a treatment known to destroy the adenine-pentoside 
linkage (Tables II and IV). 

Various other substances were tested for their effect upon glucose oxida- 
tion. The following had no influence at all upon the rate during the de- 
pletion period, the length of the induction period, or the inhibition by ata- 
brine: adenine 0.0013 M, spermine or spermidine 0.0004 M, pyridoxine 0.17 
mg. per ml., a mixture of flavin mono- and dinucleotides 1.7 y per ml., 
cocarboxylase, and a mixture containing adenine, guanine, uracil, xanthine, 
thiamine, nicotinamide, nicotinic acid, p-aminobenzoic acid, pyridoxine, 
pantothenate, riboflavin, choline, and ribose. Yeast adenylic acid (adeno- 
sine-3-phosphate) also was without effect. The crude DPN preparation 
proved capable of antagonizing atabrine; however, this effect was unaltered 
by autoclaving at 120°, and thus could not have been attributable to DPN 
itself. 


5 See “‘ Discussion.” 
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Action of Various Agents; Adenylic Acid As Antagonist (Table VI)\—A 
few other agents were tested for their effect on the recovery of substrate. 
depleted cells and several, like atabrine, markedly inhibited this process 
in a concentration that was only slightly or not at all inhibitory with cells 

TaBLe VI 
Inhibition of Recovery of Oxygen U ptake in Substrate-De pleted Cells by V Various Agents 


a ——— —— 


Glucose added ofes suhetete ¢ depletion 











Glucose 
































added before |————— munshcnclennneel 
| depletion Inhibitor ( Ist tune) Atabrine 
Inhibitor Per ae | | Plus | | Plus 
"or | brine Concen- | |adeny ic Concen- | — 
viitieeailiettaa tration | | tration ee Bae te. 
Inhibition | Inhibition Inhibition 
| per cent) per cent) Mw | per cent) per cent | M pe cent! pa cent 
Quinine | i | 25 | 0.0003 | 86 | 46 | 0.0001 | 88 | 34 
Plasmochin | —13 | 0.0003 | 82 | 28 | 0.0003 82 77 
"a | | 0.0001 71 37 
= 0.0003 90 | 34 SC 
4 0.0001 90 | | 0.0001 88 33 
0.00003 SS | | 0.00003 82 
SN6911* 0.0001 81 | 0.0001 85 | 15 
SN10,447¢ | 0.0001 | 90 | 0.0001 | 82 | 
Methoxyquinoline | —12 0.001 0 | 
| —20; 16 0.0003 8 | —1l4 | 0.0001 85 35 
Sulfanilamide 0 | 0.01 ot | 0.0001 86 8 
Sulfathiazole | | | 0.01 54 | | 9.0001 88 9 
0.005 - 8 0.0001 85 15 
Auramine | | 0.0002 | 79 | 45 | 0.0001 49 
SN12,710-6029t | —10 | / 0.00022 | 51 | 6 | 0.0001 49 
SN11,527§ | | /0.001 | 5 | O | 0.0001 71 | 37 





. The Survey number, designated SN ‘identifie Ss adregia the records of the Survey 
of Antimalarial Drugs. The antimalarial activities of those compounds to which 
Survey numbers have been assigned will be tabulated in a forthcoming monograph. 
SN6911 refers to 3-methyl-4-(4-diethylamino-1-methylbutylamino) -7-chloroguinoline 


diphosphate. 
t 4-(4-Diethylamino-1-methylbutylamino) -2,3-dimethylquinoline diphosphate. 


t ‘‘Novalauramine”’ (Hellerman, L., and Porter, C. C., to be published). 
§ N-(4-Diethylamino-1-methylbuty]) -8-(p-dimethylaminopheny]) alanine (Heller- 
man, L., and Porter, C. C., to be published). 


never deprived of glucose. These included quinine, plasmochin, auramine, 
‘“novalauramine,” and several others.‘ Sulfathiazole showed a slight 
inhibition only in very high concentrations (0.01 mM). Sulfanilamide, 6- 
methoxyquinoline, and the complex amino acid, SN11,527, had no effect 
(Table VI). In view of the variability noted in atabrine sensitivity, the 


‘ Structures given in Table VI. 
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effect of each compound was compared with that of atabrine upon the same 
ioe 

Oxygen Uptake in Relation to Glucose Disappearance—As a check on the 
significance of the oxygen uptake measurements, glucose disappearance 
was measured simultaneously in a few experiments. The results of the 
glucose analyses were in agreement with the oxygen uptake measurements 
(Table VII). 

Atabrine and Adenylic Acid with Non-Depleted Cells—In contrast to the 
effect of adenylic acid or ATP on substrate-depleted cells is their com- 


Tas_e VII 
Glucose Utilization in Substrate-Depleted Cells 

















Glucose consumed | meee 5-3 aioe 
Experi- i Initial “Plus atabrine,| | | Phas atebrine 
= Antagonist gheces’ | phen a 2 oe 
Inhibi- | Inhibi- 
tion tion 
Y Y Y per ceni| microliters micreliters| per cent 
54* 210 166 22 87 19.1 2.5 87 
Adenylic acid, 210 | 168 | 168 0 19.6 16.6 15 
0.00024 m 
60t 404 248 33 87 10.8 2.6 76 
Fumarate, 0.008 m 404 | 338 39 SS 17.5 5.5 69 
Adenylic acid, 404 | 358 | 195 45 14.0 8.2 42 
0.00024 mM 


























* Adenylic acid and atabrine were both added from the side arm with the glucose 
100 minutes after placing the parasites in the bath. The maximum rates were the 
rates 30 to 60 minutes after mixing, since thereafter they declined, probably due to 
lack of substrate. The flask contents were removed for analysis 100 minutes after 
mixing. 

t Adenylic acid, fumarate, and atabrine were added to the parasites immediately 
before they were placed in the 37° water bath. 100 minutes later the glucose was 
added. The maximum rate was the rate 45 to 100 minutes later. The flask contents 
were removed for analysis 100 minutes after the addition of glucose. 


plete lack of effect on the atabrine inhibition of the oxygen uptake of cells 
never deprived of glucose (Table VIII). 

Phosphate Distribution—In view of the apparently specific action of 
adenylic acid in antagonizing the action of atabrine and certain other com- 
pounds in substrate-depleted cells, it seemed of interest to attempt to fol- 
low alterations in the constituent phosphate compounds under various 
conditions. Owing to the low total phosphate concentration of the reac- 
tion mixtures and to the limited amount of parasitized blood available, 
fractionation and identification of the phosphate compounds present were 
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not possible. Only changes in inorganic, labile, and total phosphate were 
followed and, since the latter two involve the difference between two analy. 
ses, the results are probably not accurate to more than +0.5 y of P. The 
changes observed in the P fractions under different conditions were, how- 
ever, qualitatively quite consistent and are therefore significant, especially 
since nuclei from normal red blood cells contained no acid-soluble organie 
P and only traces of inorganic P under any conditions. 

The results of a few typical experiments are given in Table LX. Experi- 
ments 45 and 48 illustrate the changes in P distribution observed when 
trichloroacetic acid filtrates of the entire reaction mixtures were analyzed, 
As is seen in Experiment 45, C and G, there was little significant change in 
P distribution during 100 minutes incubation at 37° with glucose, except for 
a slight increase in inorganic and total acid-soluble P. However, when the 


Taste VIII 


Effect of Adenylic Acid or Adenosine Triphosphate (ATP) on Atabrine Inhibition of 
Oxygen Uptake in Glucose- Saturate d Parasites” 





Rate of O: De uptake per 15 min. 


No atebrine | Atabrine 








" Glucose va 





men Seen plus : . | 
Glucose adenylic acid or ATP | Glucose aa adenylic acid or ATP 
microlilers microlilers microliters | eleeiiion. 
17* 32.9 32.1 13.6 
50t 30.4 30.8 19.9 | = 7 





* Atabrine, 0. 0005 M; ATP, 0.00024 M. 
Tt Atebrine, 0.0003 M; adenylic acid, 0.00024 m. 


cells were incubated without glucose, there was, as might have been an- 
ticipated, a large increase in inorganic P and a decrease in both organic and 
labile P. There was also an increase in total acid-soluble phosphate, owing 
possibly in part to increased cellular disintegration under these unfavor- 
able conditions. When glucose was added to such substrate-depleted 
cells, and the mixture incubated for 90 minutes more, there was no further 
increase in total acid-soluble P, a small increase in organic, a decrease in 
inorganic, and an increase in labile P to close to the value found with cells 
incubated with glucose without initial depletion. Addition of atabrine 
to cells during the first 100 minutes incubation either with or without glu- 
cose caused no significant changes in P distribution, as compared to the 
corresponding controls, except for the increase in labile P found in the 
glucose-atabrine-treated cells. 

In Experiments 56 and 58 cells and supernatants were analyzed sep- 
arately. The results for both factions are given as micrograms per ml. of 
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the original reaction mixtures, since the small cell volume was not accur- 
ately measured. The figures are therefore proportional to the relative 
amounts rather than to the concentrations in cells and supernatant. For 
the cells, the changes in organic, inorganic, and labile P under different con- 
ditions were similar to those already noted in analyses of whole mixtures. 


TasLe IX 
Phosphate Fractions in Parasite Reaction Mixtures 























- Phosphate per ml. reaction mixture 
Experi- | Type of || eres ia : 
Sees. | Sentiment Total Inorganic . Organic Labile 
—_- 7 ¥ 7 7 
45 C 7.3 2.1 5.2 
G 8.4 3.3 5.1 
B 10.8 7.8 3.0 
48 G 12.4 4.0 8.4 3.4 
AG 13.4 4.6 8.8 4.1 
B 16.5 10.8 5.7 1.5 
AB 17.5 11.5 6.0 1.6 
BG 15.8 8.6 7.2 3.0 
Cells — Cells ~~ ws Cells — Cells a 
56 G 8.5 3.3 1.7 2.4 6.8 0.9 2.0 0 
B 11.6 6.7 5.6 4.0 6.0 2.7 1.5 0 
BG 10.6 8.5 3.3 5.9 7.3 2.6 2.3 0 
ABG-1 8.9 10.1 5.7 7.1 3.2 3.0 0.5 0 
58 G 8.0 §.1 1.5 2.8 6.5 2.3 2.4 0 
B 9.2 6.8 5.6 4.6 3.6 2.2 1.0 0 
BG 8.7 8.1 2.9 5.1 5.8 3.0 2.7 0 
ABG-2 9.3 7.9 4.3 5.9 5.0 2.0 2.1 0.1 

















*C, freshly prepared parasites diluted with egg albumin-chloride buffer as for 
0, uptake measurements. In other experiments the parasites were shaken in War- 
burg vessels at 37° with addifions and times as follows: B, no substrate, 100 minutes; 
G, glucose 0.006 m, 100 minutes; BG, no substrate, 100 minutes, then glucose, 90 
minutes; AG, glucose 0.006 m plus atabrine 0.0005 m, 100 minutes; AB, atabrine 
0.0001 m, no substrate, 100 minutes; ABG-1, no substrate, 100 minutes, then glucose 
0.006 m plus atabrine 0.0001 m, 90 minutes, 80 per cent inhibition of final rate;ABG-2 
no substrate, 100 minutes, then glucose 0.006 m plus atabrine 0.000075 m, 90 minutes, 
45 per cent inhibition of final rate. 


The changes in the supernatant fractions were less characteristic. In 
general the total extracellular P increased as the total incubation time was 
prolonged, and under all conditions the inorganic P comprised 60 to 70 per 
cent of the total extracellular P. However, it is noteworthy that although 
some organic P was always found in the supernatant, labile P was never 
present. 
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As mentioned above, identification of the P compounds in the pam. 
sites under different conditions was not possible. However, attempts wer 
made to identify some of the P fractions in parasites freshly prepared from 


30 to 40 ml. of parasitized blood. The centrifuged parasites were ey. | 


tracted once with 10 per cent trichloroacetic acid and then the bariyn 
salts were precipitated from the extract at pH 8.2 by addition of barium 
acetate and alcohol. The precipitate was dissolved in dilute acid and the 
water-insoluble salts precipitated at pH 8.2. Both the soluble and jp. 


TaBLe X 


Analysis of Water- Tn soluble Barium Salts 1 in in Trichloroacetic Acid Extract of Parasites 








Experiment I Experiment II 
—————S ae ——EEE Os | Se 
Total volume of blood eleento. ml Eval 44 30 
Parasite count, X 10 per ml. 12.5 | 11.5 
Rates of O, uptake with glucose, mtevellitiee 
O; per 15 min. per 0.6 ml. parasites..... 34.7 29.1 
Organic P, micromoles..... ee ewenes 11.6 6.98 
Labile ‘“ pee ee Prem - 8.7 5.59 
Organic “ . Srateslis dis antes nicew ocr 14.9 9.11 
PERE, WMOTOINOIIB I sik... 0560s cekvwes 4.15 3.19 
Nitrogen, _ ee EE Pe eee 18.9 15.3 
Reducing sugar. seas err 0 
Calculated 
for adenosine 
triphosphate 
Labile P 
2 ee ee oe ee ee 0.67 0.58 0.61 
Organic P 
Labile P 
Ee ee 2.0 2.1 1.8 
Pentose 
N . . 
aT Ce some oar 4.5 4.8 
Pentose 
Labile P in original extract, micromoles...... 17.4 | 11.8 
48 


Recovery in this fraction, of, ad oe atone 50* 


soluble fractions were nearly completely consumed by analyses for inor- 
ganic, labile, and total P, and pentose (15), fructose (16), nitrogen, and 
free reducing sugar (Umbreit (9) p. 103). Therefore no further purifica- 
tion of either fraction was possible. No conclusions could be drawn from 
the analyses of the water-soluble barium salts, but analysis of the insoluble 
fraction suggested that it consisted largely of inorganic P and adenosine 
triphosphate. The latter represented about 50 per cent of the labile ? 
present in the original acid extract (Table X). 


DISCUSSION 
A tentative explanation of the results may be offered if it is assumed that 
the carbohydrate metabolism of Plasmodium lophurae is similar to that | 
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certain other cells; ¢.g., mammalian tissue cells. This assumption receives 
general support from the work of Speck and Evans (17), who showed that 
yarious enzymes with function similar to those involved in the carbo- 
hydrate metabolism of tissue cells can be extracted from Plasmodium 
gallinaceum parasites. Glucose is the only substrate whose utilization 
appears markedly to be delayed after substrate depletion. Since, more- 
over, its oxidation can be initiated more rapidly if ATP or adenylic acid is 
added, it seems probable that the induction period is to be attributed to 
the requirement for phosphorylation of glucose before the latter can be 
utilized. This process occurs rapidly only with adequate ATP or when 
some coupled oxidation is taking place. In the fermentation of glucose by 
yeast extracts, it is known that a similar induction period can be decreased 
by small amounts of hexose diphosphate (18) which evidently initiates the 
oxidation-phosphorylation cycle. We have found 1 ,6-diphosphofructose 
to be without effect on the parasites, owing probably to their impermeabil- 
ity to this substance. Cellular impermeability to ATP may account also 
for the greater effectiveness of adenylic acid in shortening the induction 
period under certain conditions (Table I1). The phosphate analysis of 
cells and supernatants indicates that no labile phosphate can escape from 
the cells, although there was escape of some stable organie P; presumably 
added ATP must have undergone preliminary hydrolysis in the reaction 
mixtures. The shortening of the induction period by succinate and fuma- 
rate may be assignable to an increased rate of formation of ATP from aden- 
ylic acid in the cells; in mammalian tissue their oxidation is accompanied 
by phosphorylation (11-13). 

If the above explanation of the induction period is correct, atabrine must 
interfere with some phosphorylation reaction. The antagonism to the 
effect of atabrine exhibited by adenylic acid and ATP suggests that atabrine 
may compete with one or both for some enzyme. In cells already metab- 
dlizing glucose the relatively lower degree of inhibition by atabrine is not 
affected by an increased adenylie acid concentration. In such cells the 
adenylic acid presumably is kept chiefly in the form of ATP during the 
continuous oxidation of glucose. Under these conditions adenyli¢ acid 
would not escape, and a high concentration of ATP would be maintained ; 
thus any competitive effect of atabrine would be negligible. In parasitized 
red blood cel's incubated for 3 to 4 hours without substrate the absence 
of an induction period and of significant inhibition by atabrine of the oxida- 
tion of glucose may also be attributable to conservation of ATP accompany- 
ing their low but continuous rate of oxygen utilization. A similar effect 
may account for the occasional prevention by fumarate of atabrine inhibi- 
tion in separated parasites deprived of glucose. 

Interference by atabrine with a phosphorylation would be not incon- 
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sistent with the results of Speck and Evans (17) relative to the sensitivity | 
to atabrine of various enzymes in Plasmodium gallinaceum. These authors 


found that hexokinase, which catalyzes the phosphorylation of glucose by 
ATP, was more strongly inhibited by atabrine than were any of the other 
identifiable enzymes of carbohydrate metabolism. There was no evidence 
as to the effect of excess ATP in relation to the inhibition. 

Whether the kind of inhibition by atabrine described in this paper is at 
all associated with its in vivo activity is not certain. Against such a hy- 
pothesis is the observation that the inhibition has been observed to occur 
only in erythrocyte-free parasites deprived of glucose. The phenomenon 
may not be related to the inhibition of “normal” respiration; 7.¢., in non- 
depleted cells, where adenylic acid has appeared to be devoid of any effeet 
(Table VIII). 

On the other hand it is possible that even in the presence of glucose 
atabrine may cause interference with some phosphorylation reaction essen- 
tial to the life or reproduction of the cell. Such a phosphorylation would 
not necessarily be rate-limiting with respect to respiration. The inhibition 
of normal respiration by atabrine might then be attributable to some other 
reaction. The assumption, admittedly hypothetical, that the mode of 
action of an agent on any one organism may not be always the same 
when conditions are varied, is in accord with observations of the sensitivity 
of a wide variety of enzymes to the action of atabrine and other anti- 
malarial drugs (17, 19-21).° 

SUMMARY 

1. When glucose is added to erythrocyte-free Plasmodium lophura 
parasites that initially have been washed free from glucose and incubated 
100 minutes at 37° in the absence of substrate. oxygen uptake is resumed 
only slowly. The induction period is decidedly less marked with the other 


substrates, lactate, pyruvate, succinate, and fumarate. The recovery of 


oxygen uptake by such cells on addition of glucose is inhibited usually 
75 to 90 per cent by atabrine initially 0.0001 M, a concentration that causes 
only a 20 per cent reduction in rate of oxygen uptake by cells that have 
not been first deprived of glucose. This marked inhibition is not observed 
with substates other than glucose. An effect similar to that of atabrine 
is observed with quinine, plasmochin, and other related drugs; not with 
sulfanilamide, sulfathiazole, or 6-methoxyquinoline. 

2. The atabrine inhibition of oxygen uptake by substrate-depleted cells 
can be prevented partly or completely by adenylic acid or adenosine tt- 


phosphate. 


Unpublished results of the authors. 
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3. Determination of glucose utilization by analysis for reducing sugar 
confirms the above results obtained by measurements of the rate of oxygen 
uptake. 

4. Analysis for changes in total, labile, and inorganic phosphorus of para- 
site reaction mixtures under various conditions indicates that 100 minutes 
incubation in buffer, without substrate, leads to an increase in inorganic and 
total acid-soluble phosphorus and to decrease in organic and labile phos- 
phorus. On subsequent addition of glucose the changes in organic, in- 
organic, and labile P are partially reversed, unless atabrine is present in 
concentration sufficient to prevent oxygen uptake. Separate analysis of 
cells and supernatant indicates that, although some organie phosphorus 
appears in the supernatant, no labile phosphorus is ever present outside the 
cell. 

5. It is concluded that the induction period in the oxidation of glucose by 
substrate-depleted cells is attributable to the necessity for phosphorylation 
of glucose before this substrate can be utilized, and that atabrine interferes 
with this phosphorylation, possibly by competition with adenylic acid, 
adenosine triphosphate, or both. 
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FLAVOENZYME CATALYSIS 


INHIBITION OF d-AMINO ACID OXIDASE BY COMPETITION WITH 
FLAVIN-ADENINE-DINUCLEOTIDE OF ATABRINE (QUINACRINE), 
QUININE, AND CERTAIN OTHER COMPOUNDS* 


By LESLIE HELLERMAN, ANN LINDSAY, ann MARIANNA R. BOVARNICK 


From the Department of Physiological Chemistry, The Johns Hopkins University, 
School of Medicine, Baltimore) 
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Previous studies in this laboratory on the catalysis by the flavoenzyme, 
d-amino acid oxidase, have been concerned with the specificity of the en- 
zyme! and with an inhibition of its activity by a group of compounds’ the 
members of which act apparently to affect the orientation of the substrate 
to the complete enzyme. In the latter investigation it was found that the 
characteristics of the competition displayed by the benzoate ion (1) with 
respect to the substrate are exhibited in some degree by a large number of 
compounds incorporating the conjugate system® 


O 
. 
Cc=C—C 
\ 
O- 


The phenomena relating to inhibitions of biocatalytic systems, and par- 
ticularly the reversible actions thereupon, are of manifest current interest 
with respect to the mode of action of certain compounds. In addition, 
there recently has been considerable interest in the antagonism to the action 
of some chemotherapeutic agents that is exhibited by certain growth factors 
of similar structure. It seemed possible that the action of certain anti- 
malarial drugs upon malarial parasites might also be related to some such 
competitive effect. To this problem an approach may be made with respect 


* The work deseribed in this paper was done under a contract, recommended by the 
Committee on Medical Research, between the Office of Scientific Research and De- 
velopment and The Johns Hopkins University. 

The investigation was supported in part by an allotment under the Rockefeller 


Foundation Fluid Research Fund. 
'‘Hellerman, L., Lindsay, A., Weisiger, J. R., and Ramsdell, P., unpublished data. 


*Hellerman, L., and Lindsay, A., unpublished data. 

‘It would appear that the presence of this configuration as an element in the 
structure of the inhibitor predisposes the latter for reversible combination with char- 
acteristic acceptor group or groupings of the complete enzyme, in competition with 
the substrate (see foot-note 2). 
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to the potential interference of varrous substances in the metabolic processes 
of living or “surviving” cells (2, 3) as well as to reversible or irreversible 
actions upon isolated enzymes. Our work with parasitic cells has beep 
paralleled with studies of various enzymes including catalase, lipase, and 
several flavoenzymes, especially d-amino acid oxidase, an available, relg- 
tively stable representative of the flavoproteins capable of dissociation, 
Meanwhile, the observations of Wright and Sabine on the lowering of ay 
utabrine inhibition of tissue respiration and of d-amino acid oxidase activity 
by flavin-adenine-dinucleotide (4) and the similar finding of Haas (5) with 
respect to cytochrome reductase of yeast conveyed suggestions that ata- 
brine might be capable of competition in vivo for one or more essential 
proteins with flavin nucleotides, which are combined forms of the vitamin 
riboflavin. In this paper is described an investigation of d-amino acid 
oxidase in a quantitative study of the effect of atabrine and quinine and a 
more or less qualitative comparison of the action of related compounds. 
Our results do not uphold a hypothesis of a specific antagonism between 
atabrine and FAD, comparable to the sulfonamide-p-aminobenzoate rela- 
tionship (6,7). They indicate rather that atabrine, quinine, and the sulfon- 
amides all belong to a class of compounds capable of combination with 
proteins. This combination may, with certain enzymes, result in competi- 
tion for the prosthetic group, but such competition cannot be attributed 
to a close structural similarity between inhibitor and prosthetic group 
Moreover the extent of inhibition by these compounds cannot always be 
interpreted on the assumption of a completely reversible combination. 


Methods 


d-Amino acid oxidase was prepared from lamb kidneys and separated , 


from the prosthetic group, as described by Warburg and Christian (8). 
The precipitate obtained after treatment with acid ammonium sulfate was 
dissolved in water and a little pyrophosphate, 0.2 m, pH 8.3, and used 
without further purification. 

Flavin-adenine-dinucleotide (FAD) was prepared according to Warburg 
and Christian (8). Its purity was determined spectrographically by com- 
parison with riboflavin. The first preparation was found to be 52 per cenl 
pure, and the second 100 per cent. The latter was used in most of the 
experiments. . 

For measurement of enzymatic activity the rate of O. uptake with ¢ 


alanine as substrate was determined by the usual Warburg technique. Ut- 


less otherwise stated each vessel contained in the final reaction mixtu:e0.06 
u dl-alanine* and 0.0625 m pyrophosphate, pH 8.2, in a total volume @ 


‘In this reaction mixture, the /-alanine neither acts as a substrate nor interferes 


with the functioning of the d-amino acid oxidase. 
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32ml. The enzyme, 0.3 to 0.4 ml., was added from the side arm. ‘To the 
enzyme solution had been added crystalline catalase in an amount sufli- 
cient to prevent the appearance of any hydrogen peroxide. Inhibitors 
and FAD were added in the main compartment to give the indicated final 
concentration. Solutions of all acid or alkaline substances were adjusted 
to pH 8.2 before use, except quinine dihydrochloride. This substance did 
not remain in solution at pH 8.2 in the concentration required for the stock 
solution; it was adjusted to pH 6, and in the final concentrations under the 
conditions used, remained in solution and did not alter the pH of the re- 
action mixtures. For initial experiments the bath temperature was 30°, 
and the gas phase, air. Later experiments were conducted at 37°. Oxy- 
gen was the gas phase for quantitative experiments, while air served for 
qualitative purposes. The vessels were shaken 10 minutes for temperature 
equilibration, after which the side arm contents were added, and readings 
taken at 5 minute intervals, starting 5 minutes after mixing. ‘The rate 
of O. uptake was linear for 30 to 40 minutes and, with excess FAD, was 
directly proportional to the enzyme concentration for rates less than 150 
microliters of QO. per 20 minutes. An enzyme concentration was usually 
selected that would give a maximum velocity between 90 and 140 micro- 
liters of O. per 20 minutes. 

For the determination of the dissociation constant of the enzyme-quinine 
or atabrine compound, the rate with five to six graded concentrations of 
FAD alone and in the presence of one concentration of inhibitor was meas- 
ured. Higher concentrations of FAD were used with inhibitor than with 
controls, selected so that all rates would be readily measurable and would 
range between 20 and 80 per cent of the maximum. It was impracticable 
to test in this manner more than two concentrations of inhibitor on | day; 
therefore, in a few experiments several concentrations of inhibitor were 
tested with only one intermediate FAD concentration. Duplicate experi- 
ments performed on the same day checked within 5 per cent, but enzyme 
solutions sufficiently dilute to give the desired maximum rate at 37° with 
0, as gas phase showed a small but significant loss in activity after 24 
hours storage at 0°. This is in contrast to the more concentrated (X 3 to 
4) solutions used at 30°, with air as gas phase, required to attain the same 
rate. The latter solutions were completely stable for nearly a week at 0°. 

Results 

It was found that atabrine strongly inhibited d-amino acid oxidase when 
the concentration of FAD was low, but had little effect in the presence of 
high concentrations.’ Similar results were obtained with quinine and 
humerous other compounds. The results of a few typical experiments are 


*Compare similar observations of Wright and Sabine (4). 
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shown in Table I. Also included for comparison are data for three other 
inhibitors, benzoic acid, p-aminobenzoic acid, and 3-diethylamino-7-dj-y. 
butylamino-l-methylpbenazthionium chloride,’ the actions of which are 


TABLE I 


Effect of Concentration of Flavin-Adenine-Dinucleotide (FAD) on Inhibition of 4 
Amino Acid Oxidase by Atabrine and Related Compounds 


FAD added Control rate Inhibitor Inhibition Tempera 
ture 
1.1 23 Atabrine 0.001 sO) 30 
$.1 Q9 D4 
11.0 150 } 
0.4 35 ” 0.001 70 37 
2.9 96 36 
27.5 144 s 
0.4 43 Quinine 0.001 61 37 
2.9 113 2s 
27.5 179 10 
0.4 413 ss 0.003 72 37 
2.9 113 1 
27.5 179 21 
0.4 13 Plasmochin 0.003 | 71 37 
2.9 113 30 
27.5 179 5 
1.1 28 Sulfanilamide 0.01 65 30 
9.4 141 2 
0.6 33 Aniline 0.038 15 30 
- ow 21 
10.3 131 0 
0.3 23 Benzote acid 0.0004 64 30 
6.4 119 64 
0.3 22 SNS2S85-4* 0.0004 64 30 
6.4 130 5S 
0.0 17 p-Aminobenzecic acid 0.003 39 37 
1.1 Oo 36 
6.6 142 35 


* 3-Diethyvlamino-7-di-n-but ylamino-l-methvlphenazthionium chloride (Heller 
man, L., Porter, C. C., and Bovarnick, M. R., unpublished data). The Survey 
number, designated SN, identifies a drug in the records of the Survey of Antimalarial 
Drugs. The antimalarial activities of those compounds to which Survey numbers 
have been assigned will be tabulated in a forthcoming monograph 


of a different nature. The phenazthionium dye appears to effect an it- 
reversible inhibition, accompanied by visible precipitation and probably 
denaturation of the protein. Benzoate and p-aminobenzoate indeed 


* Hellerman, L., Porter, C. C., and Bovarnick, M. R., unpublished data 
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participate in reversible competitive inhibition, but the competition is with 
the substrate rather than the prosthetic group (1)? and therefore is un- 
affected by FAD. 

Reversible Inhibition by p-Chloromercuribenzoate—The d-amino acid 
oxidase is susceptible to yet a third kind of reversible inhibition, as typified 
by its behavior with p-chloromercuribenzoate ion.’ If 0.0001 M potassium 
p-chloromercuribenzoate solution is added to the split enzyme 15 minutes 
before addition of excess (10° m) FAD, the activity is reduced to 55 per 
cent of the control rate. If the FAD has been first added, the rate is 72 
per cent of the control. If p-chloromercuribenzoate has been added first, 
followed after 15 minutes by 0.001 m HS-glutathione, and then by FAD, 
the rate is 97 per cent of the control, glutathione alone being without 
influence on the rate. The partial protection of the enzyme with respect 
to p-chloromercuribenzoate by FAD added initially is of a different category 
from the effect of FAD in connection with inhibition by quinine, atabrine, 
etc. In the latter case a high concentration of FAD prevents inhibition 
equally effectively when added before, after, or with the inhibitor. Also, 
as would be anticipated, glutathione is without influence on the action of 
these compounds. It might at first appear that, since FAD is incapable of 
reversing the action of p-chloromercuribenzoate and its own association 
with the enzyme is reversible, it should also be incapable of influencing the 
inhibition by p-chloromercuribenzoate. The apparent inconsistency 
probably resides in a difference in the rate of reaction of p-chloromercu- 
ribenzoate with enzyme-protein in the presence and in the absence of FAD. 
FAD combines very rapidly; prolonged incubation leads to no greater 
activity than is observed immediately after mixing. The reaction between 
p-chloromercuribenzoate and protein is a slower one, the inhibition in- 
creasing with the time allowed for reaction between protein and inhibitor. 
Moreover, the dissociation constant of FAD-protein is exceedingly small, 
especially at 30°, the reaction temperature; thus in the presence of FAD 
the concentration of free protein is correspondingly low, and this would 
be reflected in a greatly decreased rate of reaction with p-chloromercuriben- 
zoate under the conditions. 

Competitive Inhibition with F AD-—For further investigation of competi- 
tion between prosthetic group and inhibitor, there were included only those 
compounds that showed nearly complete reversal of inhibition in the 
presence of high concentrations of FAD, reversal being entirely independent 
of the order in which the reactants were mixed. In order to summarize 
the results briefly and in a way that makes possible a semiquantitative 

*On the basis of these tests the separated protein might be assumed to possess 
sulfhydryl character (9), but this has not been completely established. See also the 
results of Singer and Barron (10). ' 
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TaABLe Il 


L nhibition 


Inhibition of d~-Amino Ac id Oxidase by Compounds That Exhibit € ‘ompetelit 
with Flavin-Adenine-Dinucleotide (FAD 


CoO = 
Inhibitor C aes “0 at 
C7] 
Range 
\uramine,t 0.0003—0.0009 7 3-10 ‘ 
Atabrine, 0.000006—0.003 2.5 2- 5 2 
SN 12,710-6029,f ‘‘novalauramine,’’§ 2 l- 5 


0.0003-0.0009 M ne 








Quinine, 0.0003-0.003 m l l 
” methochloride, 0.001-0.003 l 0.5 - 1.5 ] 
6-Methoxyquinoline, 0.001-0.003 u ! l | l 
Plasmochin, 0.001-0.003 m l 0.5 -3 
3N7135, 0.001-0.003 m l 
SN6911, || 0.001-0.003 M 0.4 0.3 0.5 0.5 
SN7618, || 0.001-0.003 * 0.5 0.3-1 0.5 
3N1796, 0.0003 mM (approximate 0.07 
sulfathiazole, 0.0003-0.003 mt 0.2 0.15- 0.2 0.04 Col 
Sulfapyridine, 0.003 m 0.04 cor 
Sulfadiazine, 0.003 0.015 qui 
Sulfanilamide, 0.0003-0.01 M 0.07 0.03- 0.1 0.015 
Benzenesulfonamide, 0.003-0.01 0.04 0.02- 0.1 rat 
SN11,527, © 0.003-0.01 ut 0.04 to | 
Aniline, 0.003-0.03 M 0.04 0.03- 0.05 0.01 ples 
Pyridine, 0.003-0.09 m 0.02 0.01- 0.03 0.007 Ky 
dl-p-Dimethylaminophenylaminoacetic 0.03 or less 0.007 inhi 
acid,** 0.003-0.01 m 
SN 11,526, tttt0.01“ <0.03 <0.007 coms 
dl-p-Hydroxyphenylaminoacetic acid} f§$§ <0.07 | Wit 
}- Diethylamino-1-methylbutylamineff | inhi 
*Ce/C1, ratio of concentrations of quinine and inhibitor required to give the | 
sume degree of inhibition at any one concentration of FAD. For discussion of the | the 
reliability of this ratio, see the text. ° large 
: chan 
t (p) (CH;).N=C,H=C—C,H,—-N(CHs), (p’). exhil 
cr NH, i 
t See the foot-note to Table I for the meaning of SN Ne 
§ (p) (CHs)sN=CoH =C—CeH,—N (CH): (p’ rgaih 
> \pP a)a.N=\ ofly oily. \ s/2 \f d-am: 
i + . 
HN—CH—(CH:);—N (C:Hs): (dicitrate with 
| H than 
CH; The r 
to be described . . sulfac 
Derivatives of 4-aminoquinoline; SN761S8 is 4-(4-diethylamino-1-methylbuty! lis 
isted 


amino) -7-chlore quinoline (diphosphate) 
§ Co 
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TaBLe I1Il—Concluded 


§ N-(4-Diethylamino-1-methylbut yl) -8-(p-dimethylaminophenyl)alanine, 
(CHs)»N—C-eH,—CH,—CH—CO0O0O- 


+ 
HN—CH-~(CH2)s—NH(C2Hs)- 


CH, 
to be deseribed 
** (m) (CHy)-N—C.H,—CH-—COO ; non-substrate for d-amino acid oxidase (fo » 


NH 
note 1) 
tt C.H.—CH, CH COO 
| , 
HN—CH —(CH.);—NH (Coll; )5 


| 
CH; 

tt No observable inhibition. 

§§ See foot-note | 
comparison of the effectiveness of different compounds, all have been 
compared with quinine as standard. The ratio of the concentration of 
quinine, Cg, to that, C;, of the second inhibitor required to produce the same 
rate with the same total FAD and enzyme concentrations should be equal 
to the ratio of the dissociation constants of the two inhibitor-protein com- 
plexes. With inhibitors more effective than quinine, this ratio (Cg/C; = 
Ko/K;) is greater than 1; with less effective (more easily dissociated) 
inhibitors it is less than 1. The wide range in some of the estimated con- 
centration ratios is not due to inconsistency in the experimental results. 
With any one enzyme preparation and FAD concentration, the degree of 
inhibition found with each compound was reproducible within the error of 
‘the Warburg method (5 per cent). Part of the variation is attributable to 
the difficulty in estimation of the appropriate quinine concentration, since 
large (3-fold) changes in quinine concentration lead only to relatively small 
changes in the amount. of inhibition. In addition, not all of the compounds 
exhibit precisely the same relation between rate and relative concentration 
of inhibitor and FAD.* 

Nature of Competitors—-It appears thus that a variety of aromatic nitro- 
gen compounds can combine to some extent with the protein portion of 
d-amino acid oxidase in such a way as to prevent combination of the protein 
with FAD. The most effective substances in this respect contain more 
than one aromatic ring; e.g., the quinolines, auramines, and atabrine. 
The ring-substituted sulfonamides, sulfathiazole and sulfapyridine, but not 
sulfadiazine, are more effective than sulfanilamide. The three compounds 
listed at the bottom of Table II contain no aromatic nitrogen and give no 


‘Compare the quantitative experiments with atabrine and quinine. 
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evidence of any inhibition. Slight inhibition was observed with benzene. 
sulfonamide; at the maximum concentration attainable, 0.01 Mm, the in- 
hibition with low FAD was only approximately 30 per cent, but since this 
was reproducible and reversed by increase in FAD it probably is significant, 
It should be noted that the order of effectiveness of the different inhibitors 
was very nearly the same at 30° and at 37°. The relative concentration 
ratios of the different quinolines and atabrine and of the sulfonamides and 
more weakly associated compounds are also nearly the same. However, at 
30° the difference between quinolines and sulfonamides is much greater 
than at 37°. The change in relative ‘dissociation constant”’ at the two 
temperatures seems too great to be attributable solely to experimental 
error, and may be related in part to a difference in the heats of dissociation 
of the two sets of compounds. 

Quantitative Evaluation—For conclusive demonstration of the existence 
of a reversible competition between prosthetic group and inhibitor, the 
data thus far presented are inadequate, since for this purpose the concen- 
tration of free FAD must be known. This is not even approximately equal 
to the total FAD at the low concentrations, where appreciable inhibition 
is observed. Its evaluation requires measurement of the rate at a larger 
number of FAD concentrations. The first attempts at quantitative evalua- 
tion of inhibitor and FAD dissociation constants were made at 30°. How- 
ever, at this temperature the FAD was so tightly bound by the protein 
that the rate appeared to increase linearly with increase in FAD concentra- 
tion until it reached a value less than 15 per cent of the maximum; the 
amount of dissociation for the greater part of the range was apparently 
lower than the limits of experimental error. At 37°, however, the disso- 
ciation was readily detectable.’ At this temperature there was undertaken 
a more detailed study of the quantitative aspects of inhibition by quinine 
and by atabrine. 

For the determination of the dissociation constant of an inhibitor that 
competes with the prosthetic group, account must be taken not only of the 
equilibria between protein and inhibitor and protein and prosthetic group, 
but in addition of the equilibrium between substrate and complete enzyme. 


* The decrease in the dissociation of FAD with decrease in temperature is further 
illustrated by certain experiments that were originally undertaken to determine 
whether reversible dissociation of FAD was characteristic of the complete native 
enzyme, before it had been subjected to the rather drastic treatment with acid am- 
monium sulfate. For this purpose FAD sufficient to give the maximum rate at 30 
was added to the separated protein and the behavior of this reconstituted enzyme 
compared with that of the original native enzyme. Precipitation with neutral am- 
monium sulfate or 3 day dialysis at pH 7.4, both at 0°, led only to a 10 per cent loss of 
FAD from the reconstituted enzyme, and 5 per cent for the native. Thus at this low 
temperature each behaved essentially as a non-dissociable enzyme. 
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The last two already have been studied in detail for d-amino acid oxidase 
by Stadie and Zapp (11). However, it did not seem justifiable to apply 
the values found by these authors to data obtained in this laboratory, on 
the assumption that all preparations of d-amino acid oxidase would show 
identical dissociation constants, inasmuch as crude enzyme preparations 
were employed in both investigations. 

In the description of the method adopted for calculation of the dissocia- 
tion constants the following abbreviations have been used. All concentra- 
tions are given in moles per liter, velocities in microliters of O, per 20 
minutes. 

p = uncombined enzyme-protein 

PF = enzyme-protein combined with FAD 

PFS = = ™ “and d-alanine 
PI = = ai “inhibitor 

Pp = p + PF + PFS + PI = total enzyme-protein 

F, = total FAD 

f = free FAD 

S = d-alanine, free, assumed equal to total 

] = inhibitor, “ - = Te 

(PF), = PF + PFS 


V = rate of O» uptake 


ia” * * - at constant substrate concentration when F,; = © 
— when F = «© and S = « 
K pf K (PFP)S ‘ pel K Kr Ks 
= - s = . i= - s = aac“ 
* (PP) * (PFS) (PI) ow ee 


In connection with the data at constant substrate concentration it is 
convenient to use the combined substrate-FAD constant, Ks, which, as 
will be shown below, is equal to p-f/(PF),. As always, it is assumed that 
the velocity is proportional to the concentration of enzyme combined with 
both prosthetic group and substrate. Then ) = k(PFS). When F = 


x 








: P 
P, = PF + PFS = PFS (: + Zz and Ve = k(PFS) = k —s 
A 8 
1 nua 
T3 
MP 2 Be Xo (1) 
V mr 7 Pr 
Vine — V a P; — (PF + PFS) blade 
V _ PF + PFS (PF), 
Var ~ V , Kr K; 
: x f E hes = rs. Krs (2) 


V ~ PF(1 +S/Ks) S+ Ke 
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The method described by Haas et al. (12) was used for calculation of P,, 
which is consideréd equal to the maximum FAD-combining capacity of the 
enzyme preparation. These authors ignored the substrate equilibrium jn | 
deriving an equation for calculation of P,, assuming a combination of | 
mole of enzyme with 1 mole of FAD, from the maximum rate (FAD = «) | 

| 





and the rates at any two intermediate concentrations of FAD. If the 
substrate equilibrium is included, with the substrate concentration kept 
constant, (PF), used in place of PF, and V,,,¢ in place of V,,, the same , 
final equation can be derived. , 
Yur ~ Vs . Van — Vi  « 
mele") - ro fG) ! 
P, = 1 3 : 
Vine c 
As mentioned earlier, F, was slightly larger than the added FAD, since a , 
small amount always remained in the enzyme after treatment with acid " 
ammonium sulfate. The latter quantity was estimated by extrapolation . 
from the FAD-rate curve. JV,» Was estimated as a first approximation " 
by plotting 1/1’ against 1, F,, with only the high values of F,, where the 
FAD is largely free, and extrapolating to 1 F, = 0. After calculation of vs 
P, and f with this value of V,,,¢, a closer approximation to the true value of ws 
1/V,.e Was made by plotting 1/V against 1 f. This second value of : 
V.e generally gave values for P, and Keys that showed no drift. If this ™ 
was not so, V’,,- was finally adjusted by trial and error, since the change of 
necessary was never greater than | to 2 per cent and not graphically de- | rs 
tectable. L! ae 
After estimation of P,, the combined FAD could be calculated readily | 
. : , nv —. 
by Equation 1 and the free FAD from the difference between total and | a 
combined. KAys was then given by Equation 2. 
, . ) ms : » . , le . ; su 
When inhibitor was present, the values of P,, Aps, and V,,,” found in the | ths 
corresponding control experiment were used to calculate theconcentrauon } ia 
of free FAD, free protein, inhibitor-bound protein, and finally inhibitor the 
dissociation constant from the following relationships. 
Vv —  —— on 
(PF), =—— XP; f= Fi — (PP); p= Kes X -; Ap * con 
mP f (PI) 
use 
In order to be able to compare inhibitor and prosthetic group dissocia- 1 
tion constants, it was necessary to know the value of Ks. Ina few exper'- owe 
ments V’,» was estimated at several different substrate concentrations ~e 
itse 


from values of V at two or three relatively high FAD concentrations. 











—_— 
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From the intercept of the 1 V’,,» versus 1S line, | V,, could be determined. 
The substrate dissociation constant is then given by the equation 

f - =x S = Ks 
Ky can then be calculated from Ays by Equation 2. 

Dissociation Constants—The results and detailed calculations for two 
control experiments are given in Table IIIT. The data obviously conform 
well to the relationship predicted for a reversibly dissociable enzyme- 
prosthetic group system, as indicated by the constancy of the values of 
Kes. 

Typical data for calculation of inhibitor dissociation constants are given 
in Table IV. The values calculated for the quinine-protein dissociation 
constant, although less consistent than those for Ays, showed no marked 
drift with change in FAD or quinine concentration. This is far from true 
in the case of atabrine. The calculated dissociation constants for atabrine 
showed a marked upward drift with increase in FAD or in atabrine con- 
centration. 

The results of all measurements of FAD, substrate, quinine, and ata- 
brine dissociation constants are summarized in Table V. Although in each 
individual experiment there was good agreement between the dissociation 
constants found with different amounts of FAD, the constants with different 
enzyme preparations varied. With preparations made from the same lot 
of lamb kidneys, FAD and quinine dissociation constants agreed within 10 
percent. However, with preparations from different lots of lamb kidneys 
the divergence in both constants and in the values of P,; was marked. This 
variation may be caused in part by use of a crude enzyme preparation, for 
there are several flavoproteins in tissue and certain of these can be split 
reversibly by acid ammonium sulfate (13). The presence of one or more 
such proteins with FAD dissociation constants not too far removed from 
that of d-amino acid oxidase might alter the magnitude of Kys without 
causing the system, within the limits of experimental error, to depart from 
the velocity-concentration relationship of a single dissociating system. 

The value of Kg would also be influenced by contaminating FAD-com- 
bining proteins, but not by other types of foreign proteins capable of 
combination with quinine, since the relatively high quinine concentrations 
used would not be altered significantly by such combination. 

There is fairly good agreement between the A, values found with the 
two lots of kidneys. This constant should be less affected by foreign pro- 
teins than AK, or K 9, inasmuch as proteins other than d-amino acid oxidase 
itself probably would not combine with d-alanine. 

The values for Ky found with Enzymes 1-32, 1-33, and 1-34 (average, 
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Taser II] 


Calculation of Kes for d-Amino Acid Oxidase (37 


| 
oe . 
a 


E . % " a 2 : . 
82 3 A, = rr a z ~ ‘ 
w x x - at S ~ . < 
micro an 
u Xx 107 yt) uw X 107 |M Xx 107 MX 107) we X 107) we X 107|  10| perl 
min X 10 
11-43, 0 16.6 6.84 0.34¢| 2.32 |0.127| 1.18t | 1.02~ | 0.108 ).23)1.58t 
0.509) 37.3 2.49 0.85 2.11 0.286 1.01 O.S7T 0.248 | 0.60/1.50 
1.02 | 52.7 (1.47 1.36 1.99 0.404 0.350 1.01/1.48 
2.03 | 72.7 |0.791 2.37 | 1.88 '0.558) 0.75 0.482 1.89 1.50 
4.07 | 93.3 10.395 4.41 1.74 0.716) 0.80 | 0.86) | 0.621 3. 7911.50 
7.47 (107.5 0.211 7.81 | 1.65 (0.825) 0.82 O.S7 0.716 7.091150 
27.1 123.2 0.0568 27.5 0.946 0.821 | 26.7 |1.51f 
ce |130.2T 
Average | 0.86 1.49 
11-41 | 0 15.2 8.26 | 0.305t! 2.52 10.108) 1.32¢ | 1.28t | 0.129) 0.18)1.46¢ 
0.55 | 38.3 |2.675 | 0.855 | 2.29 (0.272) 1.15 1.18 0.322 0.531.483 
1.10 | 55.8 |1.523 | 1.41 2.14 0.396; 1.21 0.468 0.941.438 
2.21 | 79.4 (0.773 | 2.51 1.94 '0.564 0.669 1.84/1.42 
4.14 100.7 0.398 | 4.45 | 1.77 0.716) 1.17 1.12 0.849 3.60)1.48 
S.28 (118.7 0.186 | 8.59 1.60 (0.843 1.22 1.23 0.998 7.59)1.41 
27.6 133.6 0.0539 27.9 0.949 1.12 26.8 |1.443 
«© 140.8t 
Average 1.18 1.42 


*P, (1), ealeulated by comparison of each point with the one for which F,; = 
1.36 (Enzyme II-43) or 1.41 (Enzyme II-41) by Equation 3. P, (2), ealeulated by 
comparison of each point with the one for which F; = 2.37 (Enzyme II-43) or 2.51 
(Enzyme II-41). The functions, F:(Vmep — V)/ V and V/ Vmp, were calculated 
from the rate at each value of F,;. The most reliable values of these functions 
were in the range of flavin-adenine-dinucleotide (FAD) concentration in 
which the velocity was approximately one-half of the maximum. Therefore one 
such point was selected for F,, and V,;, and P,; was calculated with each other point 
in turn as F,, and Vz by Equation 3. This process was repeated with a second point 
in the reliable range as standard and all values were averaged to obtain P, for the 
particular enzyme. 

+t Estimated graphically 

t Omitted from the average; these points were considered unreliable and ignored 
whether or not the constants agreed with those calculated from the other points, 
for the values from the first points (no added FAD) were determined largely by the 
estimated value of F, and those from the last point (highest FAD) by the estimated 


Vn 
0.46 X 10-* mole per liter) are in good agreement with that found by 
Stadie and Zapp (11), 0.47 X 10-* mole per liter. Stadie and Zapp’s 
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value for K s, 0.0053 mole per liter, is somewhat lower than those in Table 
V. However, later in their paper they give as 0.009 mole per liter the 
value for the constants Kppzs and Kppgas, which should be equal to Kg. 


Tasie IV 
| Calculation of Protein-Inhibitor Dissociation Constants (37°) 
The enzyme used with quinine was Enzyme II-43; Ve = 130.2 microliters of 


0, per 20 minutes; P, = 0.86 K 10°? M; Ars = 149 X 1077 M; flavin-adenine- 
dinucleotide (FAD) present in enzyme = 0.34 X 1077 Mm. The enzyme used with 
atabrine was Enzyme II-41; Ve = 140.8 microliters of OQ. per 20 minutes; Py = 
118 X 10°? mM; Apes = 1.42 X 107-7 mM; FAD present in enzyme = 0.305 X 1077 M. 





Inhibitor Bei a v Fe (PP); on ee | Pro, Ks 
—_—— —i- —— | 
micro- | 
“ uM xX 103 wry , MOK 107 | eX 107) a XK 107) eX 107 | we K 10" 
min. ! 
Quinine 0.003 2.08 | 36.5} 2.37 | 0.242 | 2.13 | 0.170 | | 0.453 | 1.12 
1.07 | 56.2) 4.41 | 0.374) 4.04 | 0.138 | 0.353 | 1.17 
8.14 71.3) S48 0.474) 8.01 | 0.088 | 0.303 | 0.87 
13.57 84.6 | 13.91 0.563 | 13.35 | 0.063 | 0.239 | 0.7! 
Average dee bia oregon werak aie Geass : Hs 0.99 
Quinine 0.001 1.01 32.0} 1.35 | 0.212) 1.14 | 0.277 | 0.376 | 0.74 
2.04 51.1 | 2.38 | 0.339 2.04 | 0.249 | 0.277 | 0.90 
1.07 | 76.6 4.41 | 0.510 | 3.90 | 0.195 | 0.160] 1. 
S$.14 | 95.8 848 | 0.6387 7.84 | 0.121 | 0.107 
. 0.99 





Average 





\tabrine 0.0003 0.689 22.0 0.995 | 0.185 0.81 0.327 | 0.672 | 0.15 
1.65 8.4 1.96 0.407 | 1.55 | 0.374 | 0.403 | 0.28 
3.31 79.8 61 | 0.672. 2.94 | 0.325 | 0.187 | 0.52 
8.28 109.6 59 | 0.923 7.67 | 0.172 | 0.089 | 0.58 


0.38 


yo) 


Average 


'  Atabrine 0.0001, 0.550 IS.8 0.855 | 0.158 0.70 | 0.323 | 0.703 | 0.046 


1.10 | 36.6) 1.41 0.308 | 1.10 | 0.399 | 0.477 | 0.084 
2.20 67.8 2.51 | 0.571, 1.94 | 0.419 | 0.194 | 0.22 
1.14 91.4 4.45 | 0.770 3.68 0.298 | 0.116 | 0.26 
8.28 109.6 8.59 0.923 7.67 | 0.171 | 0.090 | 0.19 


Average of |; 0.16 
Thus apparently within the limits of variability of both sets of experiments, 
the results reported ff the two investigations are in agreement. 

The atabrine data, included in Table V, can be taken as an indication 
that atabrine is effective as an inhibitor at lower concentrations than is 
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The cause of the drift in the caleulated atabrine dissociati, 
tion 





quinine. 
constants is not entirely apparent. Combination of more than | mole of | 
atabrine per mole of protein would cause drifts in the reverse direction to | | 
those observed. An irreversible action should not be affected by FAD, 
| 
Taste V ( 
Dissociation Consiants of d-Amino Acid Oxidase (37°) ( 
Quinine Atabrine . 
I ae V oi P, ARS Ag K Con Ky 
centra Ko ; \onces Ky 8 
tion . A tration 
n 
micro J J : t! 
liters Ov omy row mole moles* per | mole moles per! mole more 
potng ° P . 7 per x 10 per! x per oe t! 
0.008 (5.4 1200 tl 
132 1100 2.7) 0.91 (0.00614.5 0.001 |4.8 1100 BY 
0.0003 3.8 SOO ce 
0. 0001/54 1200 rs 
1-33 6 3.3 0.82 +.0) 0.001 5.1 1300 al 
1-33A XS 2.7 0.90 t.4 0.003 (4.3 1000 
a 
0.001 4.3 1000 . 
1.0003 3.5 S00 ot 
1-34 124 2.6 1.07 5.3 0.00002) 0.47 
0.0002 | 1.7 th 
1.0006 8.7 of 
' ; re 
Average $.6 + 0.4 $1.6 + 0.6 1000 a 
Ey 
11-37 141) (0.97) 1.38 6.6 0.001 9.2 1400 | the 
11-41 141 1.18 1.42 0.0066.7.1 0.0001 )}1.6 | as 
0.0003 | 3.8 qui 
11-42 134 1.15 | 1.30 6.4 0.001 8.6 1300 na 
0.00037 .4 1200 
11-43 130 0.86) 1.49 7.4 0.003 9.9 1300 wit 
0.001 9.9 1300 in | 
to. 
Average 6.9 + 04 8.9 + 0.7 1300 fou 
° rre 
* Enzymes 1-32 through I-34 were prepared from one lot of acetone-dried lamb Bre 
kidneys; the remainder, from a second lot. tor 
I 
The effect of FAD (but not atabrine) concentration on the rate might be | disc 
explained by the assumption that with atabrine there are two types of | app 
inhibition, the one rapid, reversible, and competitive gand the other slower bini 
and irreversible, but also affecting only the free protein. Thus increasein | ton 
FAD would not only lower the magnitude of the first kind of inhibition, | enzy 


hut would decrease the rate of the second. This is supported by the fact | of 

















HELLERMAN, LINDSAY, AND BOVARNICK obi 


that at low FAD concentrations the rate of O. uptake was linear only for 
the first 15 to 20 minutes, and then progressively declined. That the qui- 
nine effect also might be associated with a measure of irreversible inactiva- 
tion was indicated in a few experiments in which the rate was followed 
for longer than the usual 30 minute period. Although in the longer interval 
even the control rates ceased to be completely linear, nevertheless the 
decrease Was more marked in systems containing quinine when the FAD 
concentration was low. 

In addition, these observations raise a question that is always trouble- 
some in attempts to derive thermodynamic constants from kinetic data; 
namely, whether true equilibrium actually has been attained. Obviously 
the above data are significant only if the equilibria between enzyme, pros- 
thetic group, and inhibitor are attained rapidly. It may be said only that 
the constant rates usually observed for 30 minutes, starting 5 to 10 minutes 
after mixing, indicate that the concentration of FAD-enzyme-substrate 
complex, which must be the resultant of all three equilibria, becomes 
rapidly constant. If feasible, a longer observation period would be desir- 
able, but unfortunately this is accompanied by a change in substrate 
concentration and by a slow decline in enzymatic activity. Prolongation 
of the period of observation thus would offer no advantage. 

With any oxidizable enzyme there is an additional factor that has been 
thus far completely ignored ; viz., the difference in the dissociation constants 
of the oxidized and reduced prosthetic group. The relative oxidation- 
reduction potentials of the ‘“‘old yellow enzyme” and of riboflavin phosphate, 
Ej, at pH 7 amount to —0.06 and —0.18 volt respectively (14), indicating 
that in this flavoprotein the reduced prosthetic group is some 10* times 
as tightly bound as is the oxidized. Warburg and Christian (8) present 
qualitative evidence that with d-amino acid oxidase the dissociation of the 
reduced FAD is very significantly lower than the oxidized. Data obtained 
with the first set of enzyme preparations (Enzymes I-32 to I-34) with air 
in the gas phase gave dissociation constants (K ») for FAD-protein of 2.7 
to 3.0 X 10-7 mole per liter as compared to the values 4.0 to 5.3 X 1077 
found with oxygen as the gas phase (Table V). That the increase is no 
greater than this when the 0, concentration is increased 5-fold is an indica- 
tion that FAD exists largely in the oxidized form, even in air. 

In view of the possibly complicating and insufficiently controlled factors 
discussed above, it is surprising that the d-amino acid oxidase system 
approximates so closely the theoretical behavior of a single enzyme, com- 
bining reversibly with prosthetic group, FAD, and substrate. For evalua- 
tion of more reliable constants, it would be necessary to work with pure 
enzyme preparations and to take into quantitative consideration the state 
of oxidation of FAD. 
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In spite of the limitations in the significance of the absolute values found 
for Ky and Kg, it seems allowable to conclude that, over a limited period of 
time, quinine inhibits d-amino acid oxidase by reversible competition with 
FAD. Relatively high concentrations of quinine are required, in view of its 
relatively large dissociation constant. With atabrine there may be re. 
versible competitive inhibition, but the final effect of atabrine, even over a 
relatively short period, cannot be explained on the single assumption of 
reversible combination with the protein portion of the enzyme. 


DISCUSSION 


It is apparent from the foregoing that the FAD-inhibitor antagonism 
is not at all specific for atabrine.'® It is nearly as marked with quinine, 
plasmochin, ete., and the non-antimalarial quinolines, quinine methochlo- 
ride and 6-methoxyquinoline, and is readily detectable with a variety of 
other simpler aromatic nitrogen compounds in higher concentrations. Al] 
of these compounds appear to share the property of combining with nu- 
merous proteins. When the protein is an enzyme, the combination may or 
may not result in inhibition, depending upon whether the portion of the 
protein molecule affected is essential for activity. When the grouping 
affected takes part in the combination between enzyme and _ prosthetic 
group, the result is competitive inhibition. However, if it is essential for 
activity, but not for combination between enzyme and substrate or pros- 
thetic group, a non-competitive inhibition results. The latter was found 
to be true of the inhibition of Straub’s (15) flavoprotein (a ‘‘coenzyme fae- 
tor’’) from heart muscle by some of these compounds." 

All of the quinoline compounds and atabrine, and possibly the other 
basic inhibitors also, appear to combine with similar groups in proteins. 
In the studies with other enzymes, e.g. heart flavoprotein, lactic dehydro- 
genase, pancreatic lipase, catalase," it was found generally that an enzyme 
affected by one was affected by all, the order of effectiveness being similar 
to that found with d-amino acid oxidase. In view of the results of the 
quantitative measurements of atabrine inhibition, it is probable that many 
of these compounds have in addition to a rapid reversible effect, a slower, 

The observations with isolated enzymes thus lend little general support to the 
idea that a similarity in structure between atabrine and isoalloxazine derivatives is 
definitive for the chemotherapeutic action. It is of interest in this connection that 
studies (2) with a particular strain of surviving, isolated parasites (Plasmodium 
lophurae) gave no indication of alteration of the effect of atabrine by flavin nueleo- 
tides. It remains, however, conceivable that cells may exist in which the respiration 
is concerned with the functioning of sufficiently dissociable flavoenzymes, permitting 
inhibition by atabrine, quinine, sulfathiazole, ete., through a competitive proces 
akin to that treated in this paper. 

'! Unpublished results of the authors 
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irreversible one. The irreversible phase is not necessarily marked with all 
proteins. Thus inhibition of the action of pancreatic lipase by atabrine, 
as well as by quinine, followed the concentration-rate relationship of 
inhibition by reversible combination. On the other hand, with cytochrome 
reductase, the irreversible action of atabrine was reported as being so 
marked (5) that protection by riboflavin phosphate was possible only when 
this was added before the atabrine. Thus the relative importance of the 
reversible and irreversible actions of these compounds may vary both with 
the enzyme and with the inhibitor, as illustrated by the difference between 
atabrine and quinine in their effect upon d-amino acid oxidase. 


SUMMARY 


1. Quinine, atabrine, and other related substances inhibit d-amino acid 
oxidase strongly at low concentrations of flavin-adenine-dinucleotide 
(FAD), and only slightly at high concentrations. This suggests inhibition 
by competition with FAD for the protein. Qualitative comparison of the 
variation of the degree of inhibition as a function of the concentration of 
FAD and inhibitor made possible an estimation of the relative affinity of a 
series of compounds for the protein constituent of d-amino acid oxidase. 
Atabrine and two auramines were the most effective inhibitors, followed by 
quinine, plasmochin, and other quinoline derivatives. Less effective were 
the sulfonamides, aniline, and pyridine. 

2. There was conducted with quinine and atabrine a more detailed study 
of the protein-inhibitor-FAD equilibrium. The rate-concentration rela- 
tionship with quinine as inhibitor was interpretable readily on the assump- 
tion of reversible competitive inhibition. This was not strictly true with 
atabrine. With enzyme preparations from one lot of lamb kidneys the 
following values were found for the respective dissociation constants of 
FAD, quinine, and substrate, Ky 4.6 X 10-7 mole per liter, As 0.0061 
mole per liter, Ag 4.6 X 10~ mole per liter. With preparations from a 
second lot the values were Ky 6.9 X 10-7, Kgs 0.0066, Kg 8.9 X 10~ mole 
per liter. 
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LETTERS TO THE EDITORS 





A CRYSTALLINE PROTEIN WITH 8-AMYLASE ACTIVITY, 
PREPARED FROM SWEET POTATOES* 
Sirs: 

A crystalline protein, highly active in splitting reducing sugar from 
starch, and quite free from a-amylase activity, has been prepared from 
sweet potatoes. 

The press-juice of sweet potatoes was brought to 60°, immediately 
cooled, and filtered after the addition of lead acetate; the protein in the 
filtrate was precipitated hy 0.7 saturation with ammonium sulfate, and 
than purified by dialysis, acidification successively to pH 4.6, 4.0, and 
3.2, and finally by quarter saturation with ammonium sulfate at pH 3.5 to 


4.0, each time with the removal of any precipitate. Repeated fractionation 


Preparation No. of crystallizations Specific activity 
D* 3 1029 
4 1142 
I 2 1141 
3 1260 
F 3 1235 
5 1070 


*The partly purified protein was in this case also submitted to electrodialysis. 
of the remaining material between quarter and half saturation with am- 
monium sulfate at pH 4.0 finally vielded crystals on the cautious addition 
of ammonium sulfate in the cold. Reerystallization was carried out in 
the same manner from solutions containing | to 2 per cent of protein. 

Dialysis of the twice recrystallized substance did not significantly change 
the nitrogen precipitable by trichloroacetic acid. After dialysis, 17.48 
per cent of the dry weight was nitrogen and 17.13 per cent was nitrogen 
precipitated by trichloroacetic acid. 

The amylolytic activity expressed in arbitrary units per mg. of protein 
nitrogen is given in the table. 


* Enzyme Research Laboratory Contribution No. 99. 


* 571 
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The crystals are tetragonal, and usually 12-sided, consisting of short 
rectangular prisms (generally cubes) with tetrahedral pyramids at each 
end. They have frequefitly measured 10 to 15 u. 


Bureau of Agricultural and Industrial Chemistry A. K. Baits 
United States Department of Agriculture R. R. Tuompsox 
Albany, California M. K. Warper | 


Received for publication, March 21, 1946 
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THE ACTION OF METMYOGLOBIN, OXYGEN, AND 
MANGANESE ON OXALACETIC ACTD* 


Sirs: 

In a previous communication! we have reported the presence in animal 
tissues of a substance capable, when supplemented with manganese ions, 
of causing an oxidative decarboxylation of oxalacetic acid to malonic 
acid and carbon dioxide. The factor in heart muscle has been found to 
be metmyoglobin. This substance, prepared from horse heart? and 


Effect of Catalase and Hydrogen Peroxide on Oxidation of Oxalacetate in Presence of 
Mn** and Metmyoglobin 

Conditions, gas phase, air; 30°. Experiment I, 0.25 m acetate buffer, pH 4.9, 
0.3 mg. of metmyoglobin, 1.5 mg. of oxalacetic acid in a total final volume of 2.0 cc. 
In (a) 0.1 cc. of 0.01 M MnCl, and 0.1 ec. of 0.003 N H.O. were tipped in from the side 
arm at 0 time. In (}) 0.1 ec. of 0.01 mM MnCl. was tipped in from the side armat 0 
time. Experiment II, 0.05 m acetate buffer, pH 4.9, 0.0005 mM MnCl., 3.0 mg. of met- 
myoglobin in a final volume of 2.0 cc. In (a) no catalase; in (6) 0.3 mg. of crystalline 
beef liver catalase. 1.5 mg. of oxalacetic acid were tipped in from the side arm at 











0 time. 
Gas exchange 
Experiment No. Lag period* C hadeea jie 
Time | Ozconsumed | COs evolved 
min. min. microliters microliters 
I (a) HO, 3 18 41 85 
60 69T 166T 
60 70t 169t 
II (a) No catalase 10 60 104f 256} 
(b) Catalase 35 60 11 | 160 


* The lag period is the time when first measurable oxygen consumption can be 
detected. 

t Oxygen consumption is complete at this time; CO, evolution continues. 

t Both CO, evolution and oxygen consumption are complete. 


recrystallized four times, accounted for the activity of the fresh dialyzed 
water extracts of the heart muscle. Hemoglobin and cytochrome c were 
without activity. 


* Aided in part by grants from the John and Mary R. Markle Foundation and from 
the Dr. Wallace C. and Clara A. Abbott Memorial Fund of the University of Chicago. 

‘ Vennesland, B., and Evans, E. A., Jr., J. Biol. Chem., 156, 783 (1944). 

* Marcy, H. O., 3rd, and Wyman, J., Jr., J. Am. Chem. Soc., 64, 638 (1942). Theo- 
rell, H., Biochem. Z., 262, 1 (1932). Morgan, V. E., J. Biol. Chem., 112, 557 (1935- 
36). 
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There is an initial lag period before oxygen consumption sets in. This 
lag period is reduced by the addition of small amounts of hydrogen peroxide 
and increased by the presence of catalase, as shown in the table. 

Under conditions similar to those described in the table, 0.0003 m sodium 
azide doubles the lag period and decreases the total oxygen consumption 
50 per cent, and 0.003 m sodium azide inhibits oxvgen consumption com- 
pletely. The oxygen consumption, when plotted against time, always 
gives an S-shaped curve, and if the amount of metmyoglobin is limited as 
in Experiment I oxygen consumption ceases before all the added oxalacetate 
has been decomposed. The proportion of oxalacetate oxidatively decar- 
boxylated as compared to that non-oxidatively decarboxylated varies 
with buffer concentration, pH, and the concentration of the reacting 
components. 

During the oxidation the metmyoglobin is converted first to a green 
pigment and then to a light brown pigment which shows no sharp absorption 
bands in the visible spectrum and is inactive in the test svstem. 

There is an analogy in this reaction to the action of peroxidase on 
dioxymaleic acid,’ to the coupled oxidation of ascorbic acid and hemo- 
globin,’ and particularly to the action of eyvtochrome ¢ with manganese on 
dioxvmaleic acid.6 The recent studies by Virtanen and Laine® on the 
hemoglobin and related pigments in root nodules of legumes, with the 
demonstration of a possible functional relationship of these substances to 
oxalacetic acid in connection with nitrogen fixation, have prompted the 
publication of these findings at the present time. 


Department of Biochemistry Brreir VENNESLAND 
University of Chicago KE. A. Evans, JR. 


Chicago Artista M. FRANctIs 


Received for publication, February 23. 1946 


' Theorell, H., Nature, 145, 71 (1940). 

‘Lemberg, R., Legge, J. W.. and Lockwood, W. H., Biochem. J., 35, 328 (1941). 
5 Theorell, H., and Swedin, B., Vaturwissenschaften, 27, 95 (1939). 

* Virtanen, A. I., and Laine, T., Nature, 157, 25 (1946) 
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THE AEROBIC GLYCOLYSIS OF AVIAN RED BLOOD CELLS 
AND ITS CONTROL BY INTRACELLULAR IONS IN 
PHYSIOLOGICAL CONCENTRATIONS* 


Sirs: 

Hemolysates of washed red blood cells of pigeon (1 part of red cells + 2 
parts of distilled H,O), separated from the main bulk of white cells, show a 
strong glycolysis. It is essentially aerobic, being inhibited 85 to 90 per 
cent by 0.002 mM HCN and 60 to 70 per cent after evacuation of oxygen with 
the oil pump. This inhibition is irreversible after 3 hours anaerobiosis and 
partly reversible after 1} hours. 

This aerobic glycolysis, the mechanism of which (perhaps identical with 
that described for kidney extracts’) will be investigated, shows a character- 
istic sensitivity to multivalent ions which is manifested by strong inhibitory 
effects varying in degree with the valency and the nature of the ion. These 
effects are characterized by four features, which are held significant in so far 
as potential physiological importance and physicochemical mechanism of 
inhibition are concerned. (1) The inhibitory effect increases with decreas- 
ing pH (between 7.6 and 6.7). (2) When multivalent cations are applied 
together with multivalent or strongly adsorbable univalent anions (SCN-, 
PO;-), the resulting inhibition is greater than that corresponding to simple 
summation. This synergy between cations and anions is particularly 
marked with Mg** which by itself is a specific activator of glycolysis up to 
0.005 m and inhibits only in higher concentrations. Mg**, however, strongly 
increases the inhibition by multivalent (e.g. phosphate) and strongly ad- 
sorbable anions even below 0.005 m. (3) Ions, which are normal cell con- 
stituents, inhibit strongly in physiological concentration (Ca at 0.00025 M, 
inositol hexaphosphate, ribonucleate at 0.001 mM, phosphate at M/65 in the 
presence of 0.0025 m Mgt*). (4) The inhibition is reversible (so far in- 
vestigated only for calcium). 

Slices of salivary glands, pancreas, and liver, exposed to stimulating 
agents (pilocarpine, acetylcholine, secretin),? and brain slices suspended in 
0.16 mM NaCl solution show great increase in respiration and simultaneously 
aerobic glycolysis.* These effects are transitory and reversible and there- 
fore not an expression of cell damage but of stimulation. They are irre- 


* This work was supported by a grant from The International Cancer Research 
Foundation. 

' Colowick, 8. P., Kalekar, H. M., and Cori, C. F., J. Biol. Chem., 187, 343 (1941). 

* Deutsch, W., and Raper, H.S8., J. Physiol., 87, 275 (1936) ; 92, 439 (1936). Brock, 
N., Druckerey, H., and Herken, H., Biochem. Z., 360, 1 (1939). 

* Dickens, F., and Greville, G. D., Biochem. J., 29, 1468 (1935). 
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Influence of Ions on Aerobic Glycolysis 


1 part of red blood cell suspension + 2 parts of distilled H.O; time 200 minutes, 
temperature 24°. 


EE —————E——EE a 
Lactic acid 
formed from 


Added substance glucose per Inhibition 
100 ml. cell 
suspension 


meg 


Glucose, 0.18°7, pH 7.1 60 
a + 0.00025 mu CaCl, 46 
+ 0.01 m Na.SO, 57 
+ 0.00025 mu CaCl, + 0.01 Mm Na.SO, , 17 
+ 0.001 m inositol hexaphosphate. .. — 39 
+ 0.001 “ ” ro + 0.00025 m 


CaCl, 
Glucose + 0.0025 m MgCl, 
- + 0.0025 “ “ + 0.01 mw NaSO,..... 
. + m/1300 ribonucleate 


versibly suppressed by prolonged anaerobiosis. It seems possible that this 

“stimulation metabolism” is closely related to the aerobic glycolysis of 

nucleated red blood cells. The responsiveness of the latter to changes of 

the ionic environment supports this view. 
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